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Abstract 
In this thesis, a novel, low-energy process route for primary production of copper that 
utilises synergies between hydro- and pyro-metallurgical processes is proposed. The 
process involves precipitating copper from an acidic leach solution by pH adjustment. This 
precipitation step separates and concentrates the copper from the leach solution. The 
concentrated copper precipitate is then fed to a pyrometallurgical copper smelter or 
converter. Research on this process focused on four areas: 
• The copper phases produced by pH adjusted chemical precipitation from acidic 
solutions. 
• Factors affecting the kinetics of the copper precipitation step. 
• The thermal properties of the precipitated copper phases. 
• The mass and energy balance implications of feeding the precipitated copper 
product into a copper converter. 
The solubility of copper phases were determined by precipitating copper from solution and 
providing sufficient time for equilibrium to be established. In this study, the stabilities of 
precipitated copper oxide and basic copper sulphate, nitrate and chloride salts were 
determined over a pH range of 3 to 13 in solutions with ionic strength up to 3.5 M. The 
solubility products for the precipitated salts were calculated after taking into account the 
solution speciation, solution species activity coefficients and the surface energy associated 
with the fine particles. The standard Gibbs energy of formation of CuO tenorite, 
CuSO4.3Cu(OH)2 brochantite, CuCl2.3Cu(OH)2 clinoatacamite and Cu(NO3)2.3Cu(OH)2 
rouaite were estimated to be -124.9, -1,814.1, -1,341.6 and -1,278.5 kJ/mol respectively at 
25°C. 
The copper precipitation kinetics and reaction mechanisms were then studied in the 
aqueous sulphate system, focusing on the use of limestone as the precipitation reagent. A 
range of precipitation conditions and reactor configurations were examined to determine 
which factors had significant effect on the rate of copper precipitation in this complex 
heterogeneous reaction system where limestone dissolution and co-crystallisation of 
brochantite and gypsum occur simultaneously. The rate of copper precipitation was initially 
limited by nucleation of the copper solid after which limestone dissolution was the limiting 
factor. The dissolution of limestone was dependent on the surface area of limestone, the 
concentration of copper and the hydrodynamic conditions within the reactor.  
ii 
To simulate drying and heating of the precipitated copper compound, the thermal 
decomposition of the precipitated basic copper salt phases were assessed using 
thermogravimetric analysis. In this study, the heat capacity-temperature correlation of the 
precipitated basic copper salt phases was determined. The decomposition reactions of the 
precipitated copper phases were identified and the total energy required to form copper 
metal was measured. The basic copper sulphate was found to have the lowest energy 
requirement for decomposition and does not produce any gases that could be problematic 
for smelting and converting operations.  
Information from the solubility, kinetic and thermal decomposition studies were then 
integrated into a mass and energy balance model of a copper converter. This model was 
applied to assess a range of potential process configurations. The results of the mass and 
energy balance model indicate that it is possible to increase the total copper throughput for 
certain copper converters by up to 40% using energy generated by the converting 
reactions to treat the precipitated copper product.  
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1 Introduction 
Copper metal consumption is often cited as a key indicator of the development and 
industrialisation of the economy of a country. The majority of copper is used in wire, cable, 
pipe and electronics applications due to its high electrical and thermal conductivity, 
corrosion resistance and mechanical properties. Forecasts predict increasing demand for 
this commodity, particularly from the rapidly emerging economies of China and India (Icsg 
2012). At the same time, the discovery of high-grade copper deposits is becoming 
increasingly more difficult. Between 1990 and 2011, the worldwide average copper ore 
grade decreased from 1.6 to 1.1 wt. % copper (Harding 2012). This trend is expected to 
continue with forecasts predicting the average ore grade to drop to 0.85 wt. % copper by 
2025 (Harding 2012). 
Approximately 80% of the world’s primary copper production is sourced from sulphide 
minerals while the remaining 20% is sourced from oxidised minerals. The sulphide ores 
are typically upgraded to form metal sulphide concentrates using mineral processing 
methods then treated through high temperature pyrometallurgical processes. Oxidised 
ores, on the other hand, are typically treated through hydrometallurgical processing routes.  
Both of the current conventional process routes for primary copper production are energy 
intensive. Importantly, as the grade of ore progressively decreases, the energy and 
financial costs of production will increase. To address this issue, a novel process for 
primary production of copper that utilises synergies between these hydro- and pyro-
metallurgical processing routes has been proposed. This process has the potential to 
deliver a more efficient route for treating low grade and complex copper ores. 
This introductory chapter provides brief descriptions of the common copper minerals and 
ores, and the conventional pyrometallurgical and hydrometallurgical processes for copper 
extraction. The proposed synergistic process will then be outlined, highlighting the key 
research questions and challenges for development of the proposed process. These 
process challenges form the basis of the aim, objectives and scope of the thesis.  
  
2 
1.1 Sources of Copper – Ores, Minerals and By-Products 
The majority of copper ore is present in the earth’s crust as sulphide mineralisation. 
Deposits of sulphide minerals are formed by precipitation from aqueous solutions under 
hydrothermal conditions. The sulphide minerals may then be subsequently transformed as 
a result of natural weathering processes. Some of the common copper and associated 
minerals are shown in Table 1-1.  
In addition to the mineral phases present and grade of the copper, a range of other factors 
determine whether a copper mineral deposit can be considered potentially valuable. These 
factors include: 
- the ore microstructure, ore texture, mineral grain size, distribution and associations 
- the presence and grade of other metallic elements 
- the potential value of the other major and minor components 
The most common impurity element associated with copper in these deposits is iron. In 
sulphide deposits, the iron is found with copper in mixed sulphide minerals as well as in 
the iron sulphide mineral pyrite. In oxidised deposits, the iron is commonly present in the 
form of goethite, limonite, hematite and jarosite minerals (Jansen & Taylor 2003).  
Many other elements can be associated with copper ores. Valuable elements, such as, 
nickel, cobalt, gold, silver and platinum group metals may be recovered as by-products in 
the copper extraction process. Other elements, such as, antimony, arsenic, bismuth, 
cadmium, lead, molybdenum, selenium, tellurium and zinc require serious consideration as 
they may have detrimental technical impacts on the extractive process or are of concern 
from a health, safety and environment point of view. In some cases, uranium and other 
radioactive elements and isotopes may also be associated with copper deposits.  
Copper can also be present as a secondary element in ore deposits where other metals 
provide the primary value. Examples of this include nickel and cobalt sulphide, cobalt-
copper oxide and gold deposits.  
Copper compounds can also be present in complex waste residues or by-products from 
other manufacturing processes.  
A common feature of all of these sources is that combination of physical and chemical 
metallurgical processing techniques are required to separate the many associated 
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elements from these raw materials and to obtain copper metal in a form that can be traded 
as a commodity on the world market. 
Table 1-1: Common copper minerals and their copper content. (Davenport et al. 
2002) 
Mineral Name Formula Copper wt. % 
Sulphides 
Chalcopyrite CuFeS2 34.6 
Bornite Cu5FeS4 63.5 
Cubanite CuFe2S3 23.4 
Chalcocite Cu2S 79.9 
Covellite CuS 66.7 
Digenite Cu9S5 78.1 
Enargite Cu3AsS4 48.4 
Famatinite Cu3(Sb,As)S4 43.3-48.4 
Tennantite (Cu,Zn)12(As, Sb, Ag)4S13 <51.6 
Tetrahedrite (Cu,Fe)12Sb4S13 <45.8 
Pyrite FeS 0 
Oxides 
Tenorite CuO 80.0 
Cuprite Cu2O 88.8 
Goethite FeOOH 0 
Hematite Fe2O3 0 
Jarosite (potassium) KFe3(SO4)(OH)6 0 
Magnetite Fe3O4 0 
Wustite FeO 0 
Carbonates 
 CuCO3 51.4 
Azurite 2CuCO3.Cu(OH)2 55 
Malachite CuCO3.Cu(OH)2 58.0 
Silicates 
Chrysocolla CuO.SiO2.2H2O 36.2 
Basic Sulphates 
Antlerite CuSO4.2Cu(OH)2 54.0 
Brochantite CuSO4.3Cu(OH)2 56 
Halides 
Atacamite CuCl(OH).Cu(OH)2 59.4 
Sulphates 
Chalcanthite CuSO4.5H2O 25 
Native Copper 
Copper Cu 100 
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1.2 Pyrometallurgical Processing 
The majority of copper sulphide ores are treated using a pyrometallurgical processing 
route. A generalised block flow diagram of the pyrometallurgical process route for primary 
copper production is shown in Figure 1-1.  
 
Figure 1-1: Generalised process flow diagram for the pyrometallurgical processing 
of copper ores 
The pyrometallurgical process consists of: 
1. Liberation of the copper sulphide mineral grains through size reduction by crushing 
and grinding 
2. Concentration of the copper sulphide minerals by froth flotation to remove the 
majority of the gangue material. 
3. Smelting of the concentrate to form an impure copper/iron matte and converting of 
the matte to form copper metal (blister). 
4. Fire- and electro-refining of the impure (blister) copper metal to produce high purity 
copper metal. 
Some specific points about the pyrometallurgical process relevant to the proposed process 
are as follows: 
• Grinding is required to provide sufficient liberation of the valuable minerals before 
the froth flotation concentrating step. Grinding is energy intensive and accounts for 
a significant portion of the overall process energy requirements. 
• Copper ore head grades are decreasing. Decreasing ore grade and increasing 
complexity leads to increased tonnage of raw material per tonne of copper as well 
as finer grinding sizes. Both of these factors lead to increased grinding energy 
requirement and lower overall copper recoveries. 
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• Decreasing ore grades may also translate to lower copper concentrate grades. 
Lower grade concentrates contain higher concentrations of iron and sulphur. To 
remove the excess iron in the smelting process, more slag must be produced and 
therefore more copper will be lost to the slag phase. Increased sulphur 
concentration in the copper concentrate also leads to increased thermal energy 
production during smelting and converting.  
• In both the smelting and copper converting stages, the chemical reactions are 
exothermic and provide heat to sustain the processes at temperature. In the case of 
the converting process, excess heat is usually generated. To maintain the process 
temperature, pyrometallurgical operations often choose to recycle cold slag or dust 
to provide a heat sink to the converter. 
• Some process heat energy is recoverable using waste heat boilers. Significant 
capital costs are associated with the treatment of process off-gas, for example, 
sulphur capture and construction/operation of sulphuric acid plant. It is desirable to 
minimise off-gas volumes from the process to minimise the treatment required. 
• Many copper converting units are operating under design capacity while the primary 
smelting units are at capacity. This has occurred as operations have begun 
targeting a higher matte grade in the smelter, which improves the energy balance 
split between the primary smelting and converting, especially for lower grade 
concentrates. That is, achieving a higher matte grade in the primary smelter shifts 
some of the energy production from the converter to the smelter, which is required 
to maintain the smelting temperature with the larger mass of slag produced by a 
lower grade concentrate. 
• Impurities and minor elements such as arsenic, bismuth, zinc, cadmium, 
molybdenum, nickel, cobalt, tin, antimony, selenium, tellurium, fluorine, chlorine, 
lead, uranium and other radionuclides are often present in copper ores. Many of 
these impurities are difficult to reject during physical concentration as they are often 
present in solid solution or intimately associated with the copper minerals. These 
impurities can cause major operational and environmental issues in 
pyrometallurgical processing and must be addressed as part of the overall 
integrated operation. 
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1.3 Hydrometallurgical Processing 
A hydrometallurgical process is typically used to treat oxidised copper ores. This is 
because oxidised copper minerals are fundamentally unsuitable for concentration using 
froth flotation and the reductive smelting of oxidised copper materials is endothermic and 
therefore an energy intensive process. In some cases, the copper oxide minerals can be 
floated by sulphidizing the surface of the mineral. This oxide concentrate is then treated 
through a hydrometallurgical flowsheet or blended with a copper sulphide concentrate as 
the oxide concentrate is not suitable for smelting by itself (Mwale & Megaw 2011). Some 
sulphide ores are also treated through a hydrometallurgical process, mainly in cases 
where the ore is low grade, difficult to concentrate or contains impurities deleterious to the 
smelting processes. 
The conventional hydrometallurgical process of leaching, solvent extraction and 
electrowinning is shown in Figure 1-2.  
 
Figure 1-2: Generalised process flow diagram for the hydrometallurgical processing 
of copper ores 
This standard hydrometallurgical processing route involves three principal steps: 
1. Selective leaching (dissolution) of the copper-containing minerals to take copper 
into an aqueous solution. 
2. Solvent extraction (SX) to purify and upgrade the concentration of the copper-
containing solution. 
3. Electrowinning (EW) of the concentrated aqueous solution to produce a high purity 
metallic copper product. 
There are a number of key issues about this process route relevant to this discussion: 
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• The upfront capital costs for the SX and EW circuits are high, as a result the use 
of this hydrometallurgical process route on smaller scale operations or for 
orebodies having a short lifetime is often uneconomic (Taylor 2002). 
• The SX circuit has many design and operational issues, such as, fire protection, 
loss of reagent through oxidation or formation of crud and contamination of the 
reagent or electrolyte with impurities.  
• Copper EW is energy intensive, requiring about 2000 kWh/t-Cu (Ettel 1977). The 
cost of providing this electrical energy can be a significant capital and 
operational expense. This is especially true in remote areas where the required 
infrastructure is not readily available. As the cost of electrical energy production 
increases through increased demand and taxation, the cost of the required 
electrical power becomes even more prohibitive.  
• The regeneration of acid during electrowinning is often reported as a major 
benefit of the leach-SX-EW process. However, in some cases the regenerated 
acid only constitutes a minor portion of the gross acid requirement for the 
leaching step due to the presence of acid consuming gangue minerals. 
Alternatively, when leaching sulphide minerals, acid is often generated in the 
leaching stage and excess generation of acid becomes an issue.  
• Unlike the pyrometallurgical process route, in which an intermediate solid copper 
concentrate is produced, the hydrometallurgical process solutions are relatively 
dilute and so the entire process must be carried out at or near the mine site. 
This may be a remote location with related accessibility and power transmission 
issues. 
• A major advantage of the hydrometallurgical processing route is the ability to 
selectively leach elements from ores and minerals. The process costs 
associated with leaching are related more to total metal removed through the 
leaching process rather than the ore grade (Hayes 2003). This means that 
unlike the grinding and concentration processes, the operational cost of leaching 
does not necessarily increase proportionally with a decrease in ore grade. 
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1.4 Proposed Synergistic Process 
The proposed synergistic process route takes advantage of the simple and low energy 
steps of both the conventional hydrometallurgical and pyrometallurgical processing routes 
to provide a more efficient, more economic copper processing route. The rationale of this 
new proposed process route centres around two key points. 
1. Acid leaching of copper oxide ores is a relatively simple and low energy process. 
Some copper sulphide ores may also be leached with significantly less 
comminution, and therefore energy input, than that required for separation by froth 
flotation. 
2. The smelting and converting stages of the pyrometallurgical process often have 
excess or waste energy, which is currently under-utilised. 
One way to integrate these hydro- and pyro- processes is to precipitate a high-grade solid 
intermediate copper product that is suitable for addition to a copper smelter. The simplest 
method of achieving this selective precipitation of copper from aqueous solution is through 
pH adjustment. This would allow the formation of a copper oxide type solid, which would 
provide not only a high-grade copper source but also act as a heat sink in the 
smelting/converting process. The intention of this proposed process is to provide a simple 
low cost, low energy processing route for suitable copper deposits.  
The proposed synergistic process therefore involves three key steps: 
1. Leaching of copper-containing minerals. 
2. Selective precipitation of impurities followed by selective precipitation of an 
intermediate copper product. 
3. Addition of the solid intermediate product as a supplementary feed to an operating 
copper smelter or converter. 
The proposed synergistic copper process is shown in Figure 1-3. 
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Figure 1-3: Conceptual process flow diagram for the proposed synergistic hydro- 
and pyro- metallurgical processing of copper ores 
Some key advantages of the synergistic process are: 
• The production of an intermediate copper product with a similar or potentially 
higher copper grade than a standard copper sulphide concentrate. A high grade, 
low-iron product means that fewer slag forming compounds are included in the 
smelter or converter feed, resulting in more efficient use of the furnace volume.  
• The production of the high-grade precipitated copper product offers the 
opportunity of transporting this product from remote sites to be further processed 
at a central integrated smelting/refining operation. The precipitated copper 
product may be fed directly into the high temperature reactors as supplementary 
feed or be blended with existing sulphide concentrate at the concentrator or 
smelting site to enhance the concentrate grade and dilute deleterious elements. 
• The process avoids high-energy electrowinning step and instead makes use of 
currently wasted energy in the smelter operation to produce metallic copper and 
increase overall copper throughput. In the synergistic process, high purity 
copper is ultimately produced by electrorefining. This process has a far lower 
specific energy requirement (0.25 kWh/kg-Cu (Ettel 1977)) than the 
electrowinning step (2 kWh/kg-Cu (Ettel 1977)). 
• The presence of solid-state oxygen in the precipitate decreases the smelter or 
converter oxygen gas volume and enrichment requirements and can therefore 
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improve utilisation of the energy generated in the pyrometallurgical operation by 
minimising the production of the energy sinking off-gas. 
• Reduced gas volumes may also have benefits for gas cleaning and sulphuric 
acid production. 
• Provided the precipitation is carried out with a calcium precipitation reagent and 
the smelter or converter operates with lime in the slag, the precipitate will also 
complement the slag chemistry by providing a source of lime or limestone flux. 
• This processing route should be relatively easy to implement by retrofitting 
existing pyrometallurgical operations, requiring minimal modification and capital 
expenditure. 
• The sulphuric acid produced during the pyrometallurgical process can be used 
to leach the copper ore. The acid is then neutralised during the precipitation 
processes into an environmentally benign solid. These synergies may be most 
efficiently employed if the leach and converter operations are co-located. When 
co-location is not possible, some additional shipping costs for acid and 
limestone may be incurred however these may be offset by reduced costs of 
generating electrical power in remote locations. 
• Iron and trace element impurities such as arsenic, lead, bismuth, antimony, 
cadmium, selenium, tellurium, molybdenum, uranium, zinc, tin, nickel and cobalt 
may be excluded from the precipitated copper product through the combination 
of selective leaching, solution treatment and precipitation of species.  
• The simple leach and precipitate process may provide significant capital savings 
over the standard SX-EW process route at a competitive operating cost, 
especially on small and remote ore bodies.  
• The ability of the synergistic process to utilise spare capacity in smelting, 
converting and electrorefining operations may also allow significant capital 
savings compared to the SX-EW route. A smelting operation may require some 
modification to allow the precipitate to be fed, however if the operation were 
operating below capacity the impact of increasing the operation throughput 
would typically be looked upon favourably. Further, an existing underutilised 
electrorefining operation should not require any additional capital expenditure to 
allow implementation of the synergistic copper process.  
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1.5 Synergistic Process Challenges 
The proposed synergistic hydro- and pyro-metallurgical process is novel with significant 
commercial potential but as with any new technology, there are a range of process 
challenges that must be addressed before the process route may be considered a suitable 
alternative/supplement for primary copper production. For the overall process, these 
challenges include minimising capital and operating costs, especially focusing on energy 
and reagent usage.  
 Leaching  1.5.1
The leaching step is carried out to achieve chemical separation of copper from the majority 
of the associated elements through selective dissolution. The main process challenge in 
this stage is to achieve high copper recovery with minimal dissolution of impurities. The 
specifics of the leaching stage are highly dependent on the ore body and mineralisation. A 
range of conventional, well-established technologies are available to selectively dissolve 
copper from copper oxide and leachable copper sulphide ores, as well as from smelter 
slag and other copper containing wastes (Taylor 2014). It is also important to consider that 
in the current leaching, solvent extraction and electrowinning process, the separation of 
iron from copper is achieved mainly through the solvent extraction step. Therefore, 
rejection of iron from the leach solution is not a key driver of the leaching operating 
conditions in those processes. The aim of the current process is to produce a copper 
product relatively free from iron through the combination of leaching and precipitation 
steps. As such, it may be important to carry out the leaching step under conditions that 
result in significant rejection of iron and minimise free acid remaining in the pregnant leach 
solution. In cases where the feed ore is a refractory sulphide, it may also even be 
appropriate to use a nitric (Anderson 2003) or hydrochloric acid (Dreisinger 2006) in to 
assist in extracting copper from the sulphide minerals. Since leaching technologies for the 
selective leaching of copper from oxide-based ores are well established, and a range of 
options are also available for the leaching of sulphide minerals, this topic is not included in 
the scope of the current research. 
 Precipitation  1.5.2
The aim of the precipitation step in the synergistic process is to produce a high-grade 
copper solid that is suitable for addition to a copper smelter or converter. Using the most 
common lixivant, sulphuric acid, the solution produced by the leaching step will contain 
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mostly copper and iron sulphates. To achieve a high-grade copper product, the majority of 
the iron in the leach solution must first be removed from this solution. The hydroxide 
precipitation diagram given in Figure 1-4 indicates that ferric iron can be selectively 
precipitated from a solution by pH adjustment prior to copper precipitation, which in turn 
can be selectively precipitated from the majority of other base metals.  
 
Figure 1-4: Hydroxide precipitation diagram for Me-H2O systems at 25°C (metal 
hydroxides are formed at pH values greater than the values indicated by the lines 
for the specific metal species) (HSC 2011)  
1.5.2.1 Iron Precipitation 
The main challenge of the iron precipitation step is to achieve sufficient and selective 
removal of iron and other impurity elements. The precipitation of ferric iron is used widely 
in the hydrometallurgy industry, especially in the processing of zinc and nickel laterite ores. 
To form an easily filterable iron solid (crystalline solid with a large, consistent particle size), 
a controlled precipitation process must be used. Examples of the controlled processes 
used for iron removal are the so called goethite, jarosite, magnetite and hematite 
processes, which were first developed for use in zinc refining in the 1970s and more 
recently applied to acid leaching of nickel laterite ores. These processes are each named 
after the type of iron product that they typically produce. A range of relevant iron phases 
are given in Table 1-2. 
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Table 1-2: Iron phases observed on precipitation from aqueous process solutions. 
(Dutrizac 1980), (Dutrizac 1982), (Dutrizac & Dinardo 1983), (Dutrizac 1987) 
Chemical Name Chemical Formula Mineral Name 
Ferric Oxides and Oxyhydroxides 
Alpha Ferric Oxyhydroxide (α-FeOOH) Goethite 
Beta Ferric Oxyhydroxide (β-FeOOH) Akaganéite 
Gamma Ferric Oxyhydroxide (γ-FeOOH) Lepidocrocite 
Alpha Ferric Oxide (α-Fe2O3) Hematite 
Gamma Ferric Oxide (γ-Fe2O3)  Maghemite 
(Ferric) Jarosites 
Hydronium jarosite (H3O)Fe3(SO4)2(OH)6  
Sodium jarosite NaFe3(SO4)2(OH)6 Natrojarosite 
Potassium Jarosite KFe3(SO4)2(OH)6 Jarosite 
Ammonium jarosite (NH4) Fe3(SO4)2(OH)6 Ammoniojarosite 
Lead-copper jarosite PbCuFe2(SO4)2(OH)6 Beaverite 
Mixed Ferric Ferrous Oxides 
Ferrous Ferric Oxide Fe3O4 Magnetite 
Ferrous Oxides and Hydroxides 
Ferrous Oxide FeO Wustite 
Ferrous Hydroxide Fe(OH)2  
The ferric precipitation method most applicable to the proposed synergistic process is the 
goethite process. In the goethite process, ferric iron is precipitated from solution mostly as 
alpha ferric oxyhydroxide, also known as goethite (FeOOH or Fe2O3.H2O) although the 
precipitate usually contains a mixture of iron oxyhydroxide and oxide phases (Dutrizac 
1980). In the zinc industry this is carried out by neutralising the pregnant leach solution, 
with zinc oxide at 70-90°C (Gordon & Pickering 1975). The goethite process operates such 
that the concentration of ferric iron is maintained at less than 2 g/L throughout the 
precipitation circuit (Dutrizac 1987). These conditions are chosen to avoid the formation of 
gel-like basic ferric sulphates, which are difficult to settle and filter (Dutrizac 1980). This 
requirement can be met by either reducing all ferric ions to the ferrous state then 
controlling the re-oxidisation to ferric (Bodson 1972), or by adding the concentrated 
pregnant leach solution into a large precipitation vessel at the same rate as the goethite 
precipitation reaction (Allen et al. 1970). In both cases, any free acid in solution must be 
neutralised to bring the pH up to where iron begins to form the goethite. Acid liberated 
during the ferric hydrolysis reaction must also be neutralised to avoid redissolving the 
goethite (Gordon & Pickering 1975). The process can achieve residual iron concentrations 
as low as 0.02 g/L at pH 2.0 and 0.001 g/L at pH 3.5 using the re-oxidation method in both 
sulphate and chloride systems (Davey & Scott 1976).  
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Transition metal cations such as Zn, Cu, Co and Ni are readily incorporated into the iron 
precipitate (Davey & Scott 1976; Flett 1992). The potential loss of copper to the iron 
precipitate could be deemed an important factor for the feasibility of the proposed process 
however Davey & Scott (1976) showed that at reasonable process conditions, the extent 
of copper co-precipitation with the iron precipitate (0.5 wt. % Cu in solid phase) is 
approximately the same as the extent of zinc co-precipitation (0.3 wt. % Zn in solid phase). 
Given that loss of zinc to the iron precipitate has not precluded the use of precipitation for 
iron removal in the zinc industry, it would seem reasonable to assume the same would 
apply for the proposed process. Further, in the synergistic process, the inclusion of a small 
amount of iron in the precipitated copper product is acceptable. Hence, complete removal 
of iron and therefore separation of copper from the iron is not critical to the process 
feasibility and the iron precipitation stage could be operated in a fashion that minimises 
copper loss. 
In the nickel laterite acid leaching industry, a very similar approach is used remove iron by 
precipitation from the pregnant leach solution. In these cases, the majority of the dissolved 
iron is removed through re-precipitation as hematite or jarosites during pressure acid 
leaching. Neutralisation of the pregnant leach solution, to remove residual acid and iron, is 
carried out using portions of ore high in basic minerals or industrial reagents such as 
magnesium oxide (MgO), dolomite (magnesium and calcium carbonate, CaMg(CO3)2), 
recycled nickel and cobalt hydroxide precipitate (Ni(OH)2 and Co(OH)2), lime (CaO) or 
limestone (CaCO3) rather than zinc oxide (Crundwell et al. 2011). Some of the leached 
impurities may also be removed during the iron precipitation step. Arsenic is generally 
stabilized to the solid phase as a ferric arsenate by precipitation under oxidising conditions 
with excess iron in solution. Under atmospheric conditions, this forms an amorphous ferric 
arsenate (Riveros et al. 2001). A number of researchers have found that effective removal 
of arsenic by ferric arsenate precipitation requires an Fe/As molar ratio greater than or 
equal to three (Harris & Monette 1988; Krause & Ettel 1989) (0.1M ferric iron, 80°C, 1 hour 
retention, sodium hydroxide or calcium hydroxide precipitation agent). Gordon and 
Pickering (1976) also discuss the use of limestone for the neutralisation of the acidic 
solution produced after pressure leaching and hematite precipitation from a zinc ore. The 
solution entered the neutralisation stage at approximately pH 1 and the authors noted the 
remaining ferric present precipitated along with gypsum and a range of other impurity 
elements such as Ga, Ge, In, As, Sb.  
15 
In summary, there are well-established technologies that can be used to effect the removal 
of ferric iron and a number of other impurities present in solution in the form of solid 
filterable products. While this iron precipitation stage, as well as the previous leaching 
stage, are certainly complex and merit further investigation, especially due to the variations 
in operational focus required by the synergistic process, they are not necessarily critical for 
determining the technical feasibility of the process. This unit operation is therefore not 
included within the scope of the present study. 
1.5.2.2 Copper Precipitation 
The main process challenge in the copper precipitation stage is to achieve fast and 
selective precipitation of a high-grade copper product suitable for smelting/converting. The 
precipitated copper product for the synergistic process should be derived through 
understanding of which copper phases can be produced under typical process conditions 
and which of these phases are the most suitable for addition to a smelter/converter.  
The hydroxide precipitation diagram given in Figure 1-4 (HSC 2011) indicates that copper 
may be precipitated from aqueous solution by adjustment of the pH of the solution. 
Reagents commonly used to obtain pH adjustment in industrial systems include limestone 
(CaCO3), lime (CaO), dolomite (CaMg(CO3)2), sodium hydroxide (NaOH) or sodium 
carbonate (Na2CO3). A range of the copper phases reported to precipitate from aqueous 
solutions by pH adjustment are show in Table 1-3. 
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Table 1-3: Select copper phases reported on precipitation from aqueous solutions. 
(Brochant De Villiers 1825), (Busz 1893), (Buttgenbach 1926), (Church 1865), 
(Cooper & Stanley 1990), (Dunn & Rouse 1975), (Field 1862), (Grice & Gasparrini 
1981), (Grice et al. 1996), (Haüy 1801), (Hawthorne & Groat 1985), (Hillebrand & 
Washington 1888), (Komkov & Nefedov 1967), (Kwok & Robins 1973), (Livingston 
1991), (Malcherek & Schlüter 2010), (Marani 1992), (Orlandi & Bonaccorsi 2009), 
(Oswald 1961), (Scacchi 1873), (Strandberg et al. 1995), (Wells & Penfield 1885), 
(Werner 1791), (Yoder et al. 2007) 
Mineral Name Mineral Formula Empirical Formula 
Copper 
wt. % 
Copper Oxide/Hydroxide 
Cuprite Cu2O  89 
Tenorite CuO  80 
Spertiniite Cu(OH)2  65 
Basic Copper Carbonates 
Copper (II) Carbonate CuCO3  51 
Malachite CuCO3.Cu(OH)2 Cu2(OH)2CO3 58 
Azurite 2CuCO3.Cu(OH)2 Cu3(CO3)2(OH)2 55 
 Na2CO3.CuCO3.3H2O Na2Cu(CO3)2.3H2O 22 
Basic Copper Sulphates 
Dolerophanite CuSO4.CuO Cu2SO4O 53 
Antlerite / 
Heterobrochantite 
CuSO4.2Cu(OH)2 Cu3SO4(OH)4 54 
Kamarezite CuSO4.2Cu(OH)2.2H2O Cu3SO4(OH)4.2H2O 49 
Brochantite CuSO4.3Cu(OH)2 Cu4SO4(OH)6 56 
Posnjakite CuSO4.3Cu(OH)2.H2O Cu4SO4(OH)6.H2O 54 
Wroewolfeite / 
Langite 
CuSO4.3Cu(OH)2.2H2O Cu4SO4(OH)6.2H2O 52 
Kobyashevite 2CuSO4.3Cu(OH)2.4H2O Cu5(SO4)2(OH)6.4H2O 46 
Redgillite CuSO4.5Cu(OH)2.H2O Cu6SO4(OH)10.H2O 57 
Montetrisaite CuSO4.5Cu(OH)2.2H2O Cu6SO4(OH)10.2H2O 56 
Basic Cupric-Calcium Sulphates 
Orthoserpierite 
CaSO4.CuSO4.3Cu(OH)2.H2O 
2CuSO4.Ca(OH)2.2Cu(OH)2.H2O 
CaCu4(SO4)2(OH)6.H2O 42 
Devilline 
CaSO4.CuSO4.3Cu(OH)2.3H2O 
2CuSO4.Ca(OH)2.2Cu(OH)2.3H2O 
CaCu4(SO4)2(OH)6.3H2O 40 
Basic Copper Chloride 
Clinoatacamite/ 
Atacamite/ 
Botallackite/ 
Paratacamite 
CuCl.Cu(OH)2 Cu2Cl(OH)3 60 
Basic Copper Nitrate 
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Rouaite/ 
Gerhardtite 
CuNO3.Cu(OH)2 Cu2NO3(OH)3 60 
 
Limestone 
Limestone is the most obvious choice for the precipitation agent due to its relatively low 
cost and widespread availability. The precipitation reaction mechanisms and chemistry for 
removal of copper from sulphate solution using limestone are not straightforward. Copper 
in aqueous solution begins to hydrolyse above approximately pH = 4 and its aqueous 
carbonate complexes begin to form at approximately the same pH (Baes & Mesmer 1976). 
Preliminary thermodynamic calculations suggest that in a sulphate solution, copper may 
precipitate out of solution as a copper carbonate, a basic copper carbonate, a basic 
copper sulphate, a copper hydroxide or copper oxide depending on the solution pH, and 
carbonate and sulphate activities (HSC 2011).  
According to Perel’man (1968), copper precipitation upon contact with natural carbonates 
proceeds by an exchange reaction to give the basic copper carbonate malachite as shown 
in Equation 1-1 (Perel'man 1968). 
 + 
 + 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 Equation 1-1 
Zhizhaev , Merkulova & Bragin (2007) reported that for the low concentrations found in 
wastewater solutions, copper can be almost completely precipitated from solutions 
between pH of 4-7 using limestone within 3 hours at room temperature. When sufficient 
sulphate was present, the precipitation occurred approximately one pH unit lower than 
expected for the precipitation of a hydroxide. This was most likely due to the formation of a 
basic sulphate salt. They identified a range of phases in the precipitate (gypsum, 
brochantite, posnjakite, calcite, devilline and malachite) and reported that the reaction 
temperature and limestone particle size influenced the type of precipitate produced 
(Zhizhaev et al. 2007). 
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Sodium Hydroxide 
Marani (1992) showed that the freshly precipitated basic copper salt formed from a copper 
sulphate solution using sodium hydroxide contained either pure posnjakite 
(CuSO4.3Cu(OH)2.H2O) or a mixture of posnjakite and brochantite (CuSO4.3Cu(OH)2).  
Marani (1992) also showed that upon addition of excess sodium hydroxide base, the 
posnjakite converts to tenorite (CuO) through a mechanism of incongruent dissolution. 
Initially, the conversion was limited by the rate of nucleation and growth of the tenorite, and 
then at some characteristic point dependant on the pH, the dissolution rate of the 
posnjakite took over as the rate-limiting step. Aged brochantite samples on the other hand 
were found to be stable in a pH region where the thermodynamic modelling predicted the 
predominance of the tenorite. Marani (1992) attributed this discrepancy to the 
microcrystalline dimensions of the tenorite, which forms fine, needle like structures as 
these tenorite structures were found to have a solubility product about one order of 
magnitude higher than expected for crystalline tenorite (Marani 1992). 
Giannopoulou and Panias (2008) showed that copper could be recovered from a sulphate 
industrial waste solution containing 6 g/L Cu at 25˚C using sodium hydroxide instead of 
limestone to maximize reaction rate and minimize the volume of sludge produced. The 
solid was found by X-ray powder diffraction (XRD) to be in the form of the hydrated basic 
copper sulphate, posnjakite. The pH required for precipitation of copper from this system 
was 7.0-7.1. The sodium hydroxide precipitation reaction was not seeded and there was 
no mention of the precipitate morphology. The researchers also concluded that some 
dissolved As, Zn, Pb and Ni species were adsorbed onto the “loose” copper precipitate 
surface (Giannopoulou & Panias 2008). 
Livingstone (1991) showed that at 25°C under atmospheric conditions (PCO2=10
-3.5 bar), a 
chloride activity as low as 10-2.3 is sufficient to create an equilibrium between basic copper 
sulphate and basic copper chloride phases, such as, atacamite (Livingston 1991). This 
means a leach solution with more than approximately 0.2g/L chloride may result in the 
formation of a basic copper chloride phase. Copper will also form an analogous basic 
copper nitrate salt provided sufficient nitrate is present in solution during the precipitation 
(Nasanen & Tamminen 1949). 
What was clear from the literature review was that there is considerable uncertainty in the 
phases formed, and the rate of precipitation reactions under the process conditions 
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anticipated for the synergistic copper process. The control of the precipitation process was 
seen as key to the successful development and implementation of this synergistic process 
technology and forms a major part of the current study. 
Gypsum 
The use of a calcium-based precipitation agent in a sulphate solution will result in the co-
crystallisation of gypsum (CaSO4.2H2O). The inclusion of this gypsum solid in the 
precipitated copper product will have significant effect on the product copper grade. The 
International Nickel Company noted this problem in their analogous process for 
precipitating magnesium hydroxide with lime. They patented a method of physically 
separating gypsum particles from precipitated magnesium hydroxide particles by 
controlling the growth rates, and therefore the relative particle sizes of the two solid 
products (Hall et al. 1977). No data is provided in the patent on the efficiency of such a 
process. A similar process has been described for the physical separation of zinc oxide 
from gypsum when precipitation and neutralisation is carried out with lime, hydrated lime 
or limestone (Choi et al. 2004). This growth and physical separation method may be 
applicable to improve the copper grade in the copper product when it is precipitated with a 
calcium reagent. 
 Smelting 1.5.3
The suitability of the precipitated product for addition to a copper smelter or converter will 
depend on the physical properties of the precipitate, the thermodynamic properties of the 
constituent compounds and the smelter energy balance and operating chemistry. Some 
currently operating smelters already accept non-sulphide feeds, such as, copper-
containing electronic scrap and cemented metallic copper, which are used to boost copper 
production. As is the case for these alternative feeds, the addition of the proposed copper-
calcium-sulphate-hydroxide-carbonate containing solid to a copper smelter or converter 
will have an impact on the reactor mass and energy balance as well as the slag 
composition and fluxing requirements.  
The thermal decomposition routes for most of the potential copper precipitates have been 
determined previously (Koga et al. 1997) (Sharkey & Lewin 1972) (Schildermans et al. 
1993). Provided sufficient thermal energy is available, the precipitated copper-calcium-
sulphate-hydroxide-carbonate containing solid is expected to decompose to metallic 
copper, calcium oxide, oxygen gas, sulphur dioxide gas, carbon dioxide gas and steam. 
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That means that the addition of this precipitate to a smelter or converter will not only add to 
the copper product, it will also provide a source of calcium oxide flux, oxygen for sulphide 
reactions and sulphur dioxide for sulphuric acid production. The addition of water or water 
containing materials to a pyrometallurgical process is inherently unsafe due to the potential 
for rapid reduction of the water forming explosive hydrogen gas. Hence, the precipitate 
may require drying in order to avoid this possibility. In the case of addition of copper 
concentrates to flash smelters, the concentrate is typically dried to less than 0.2% moisture 
(Davenport et al. 2002) however this value is reported as required in order to achieve 
consistent flow through the flash smelter feed burners. For top-submerged lance smelters, 
concentrate feed moistures between six and 10% by mass are reported (Davenport et al. 
2002). In these cases, the concentrate is “dropped” into the furnace from above the 
surface of the molten material. Presumably, the temperature of the bath is sufficient to 
drive off any of the moisture before any dangerous reactions could take place. Further, the 
presence of the slag layer above the molten metal layer would also shield the moisture 
from reaching the molten metal bath and causing these dangerous reactions. In either 
case, it may be suitable to dry or pre-heat the precipitated product prior to addition to the 
furnace in order to optimise the furnace energy balance. Drying may be carried out at the 
precipitation site to avoid some transport costs or at smelter to utilise off-gas energy. 
Given the typically fine nature of precipitated solids, the precipitated product may also 
require agglomeration or pelletising to avoid dusting and improve hand-ability. The extent 
of these issues will be highly dependent on the type of reactor and method of feeding the 
precipitate and hence should be considered on a case-by-case basis. To enable 
appropriate heat and mass balance calculations to be carried out for the drying, 
dehydration, smelting and converting stages of the process, further fundamental data is 
required on the thermo-chemical properties of the precipitate copper products. This 
problem is addressed in the current study.  
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1.6 Aim and Objectives of the Current Research 
The aim of this thesis is to investigate aspects of the key technical challenges of the 
proposed synergistic process route in order to allow future evaluation of the process 
potential for commercial application. The focus of the present study is on the novel aspects 
of the proposed process route, i.e. those processes that are not undertaken in 
conventional hydrometallurgical or pyrometallurgical processing of copper or other base 
metals. 
From the previous discussion, the feasibility of the proposed process route hinges on its 
ability to: 
1. Efficiently produce a high-grade intermediate solid copper product suitable for 
smelting/converting 
2. Utilise this product to significantly increase the rate of copper production in 
conventional smelter or converter technologies 
Therefore, the major objectives of the current research are to: 
• Determine the copper phases that may be produced by precipitation from aqueous 
solutions at industrially relevant conditions. 
• Determine the rate at which copper can be precipitated by pH adjustment and 
investigate the key factors that influence the copper precipitation kinetics. 
• Estimate the compositions of industrial precipitated products. 
• Determine the thermo-chemical properties of the precipitated copper phase. 
• Investigate the suitability of the precipitated copper product as a supplementary 
feed for a copper smelter or converter. 
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2 Solubility of Precipitated Copper Salts 
2.1 Introduction 
A key step in the synergistic copper process is the precipitation of copper product suitable 
for addition to a copper smelting operation. A wide range of solid phases are reported to 
precipitate from copper-containing aqueous solutions upon pH adjustment with an oxide or 
hydroxide precipitation reagent depending on the solution pH, ionic strength and as the 
anionic species present. The chemical compositions of these salts have been determined 
(Table 2-1) however, the chemical stabilities of many of these compounds have not been 
adequately described to date. 
The solid phases reported to form from sulphate solutions include CuO (tenorite), Cu(OH)2 
(spertiniite), CuSO4.CuO (dolerophanite) and a number of basic copper sulphates 
containing varying ratios of CuSO4 to Cu(OH)2, and combinations of water of hydration. 
The solids phases reported to form from chloride solutions include CuO, Cu(OH)2, CuCl2, 
CuOHCl and CuCl2.3Cu(OH)2. 
In nitrate-containing systems, the solid phases reported to form are CuO, Cu(OH)2 and 
Cu(NO3)2.3Cu(OH)2. 
Although the above phases have been identified, this does not mean they are equilibrium 
phases; some could also be metastable or transient phases formed as a result of kinetic 
factors. In fact, the phase and stability of the precipitates formed in copper-containing 
systems are reported to depend on a range of factors including the order of addition of 
reagents to the system (alkali solution to copper solution or vice versa) (Marani 1992), 
equilibration time (Barton & Bethke 1960), particle aging time (Marani et al. 1995), particle 
size (Schindler et al. 1965), temperature (Zittlau et al. 2013), solute concentration and 
ionic strength of the solution (Nasanen & Tamminen 1949). The focus of the present 
review is on those phases that have been established as “equilibrium phases” within the 
respective systems. 
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Table 2-1: Copper salts formed from aqueous solutions. (Werner 1791), (Grice & 
Gasparrini 1981), (Scacchi 1873), (Hillebrand & Washington 1888), (Buttgenbach 
1926), (Busz 1893), (Komkov & Nefedov 1967), (Dunn & Rouse 1975), (Field 1862), 
(Strandberg et al. 1995), (Cooper & Stanley 1990), (Orlandi & Bonaccorsi 2009), 
(Grice et al. 1996), (Haüy 1801), (Church 1865), (Malcherek & Schlüter 2010), 
(Schluter et al. 2000), (Oswald 1961), (Wells & Penfield 1885) 
Formula 
Common 
Chemical Name 
Mineral Name/s First known published reference 
Oxide/hydroxide 
CuO Copper oxide Tenorite Werner (1791)  
Cu(OH)2 Copper hydroxide Spertiniite Grince and Gasparrini (1981) 
Sulphates 
CuSO4.CuO  Dolerophanite Scacchi (1873) 
CuSO4.2Cu(OH)2 
Basic copper 
sulphate 
Antlerite/ 
Heterobrochantite 
Antlerite Hillebrand and Washington (1888) 
Heterobrochantite Buttgenbach (1926) 
CuSO4.2Cu(OH)2.6H2O 
Basic copper 
sulphate 
Kamarezite 
 
Busz (1893) 
CuSO4.3Cu(OH)2 
Basic copper 
sulphate 
Brochantite Brochant de Villiers (1825) 
CuSO4.3Cu(OH)2.H2O 
Basic copper 
sulphate 
Posnjakite Komkov and Nefedov (1967) 
CuSO4.3Cu(OH)2.2H2O 
Basic copper 
sulphate 
Wroewolfeite/ 
Langite 
Wroewolfeite Dunn and Rouse (1975) 
Langite Field (1862) 
2CuSO4.3Cu(OH)2.4H2O 
Basic copper 
sulphate 
Kobyashevite Strandberg et al (1995) 
CuSO4.5Cu(OH)2.H2O 
Basic copper 
sulphate 
Redgillite Cooper and Stanley (1990) 
CuSO4.5Cu(OH)2.2H2O 
Basic copper 
sulphate 
Montetrisaite Orlandi and Bonaccorsi (2009) 
Chlorides 
CuCl2.3Cu(OH)2 
CuClOH.Cu(OH)2 
Basic copper 
chloride 
Clinoatacamite/ 
Atacamite/ 
Botallackite/ 
Paratacamite 
Clinoatacamite Grince et al (1996) 
Atacamite Haüy (1801) 
Botallackite Church (1865) 
Paratacamite Malcherek and Schlüter 
(2010) 
CuOHCl 
Basic copper 
chloride 
Belloite Schlüter et al. (2000) 
Nitrates 
Cu(NO3)2.3Cu(OH)2 
CuNO3OH.Cu(OH)2 
Basic copper 
nitrate 
Rouaite/ 
Gerhardtite 
Rouaite Ostwald (1961) 
Gerhardtite Wells and Penfield (1885) 
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Copper (II) Oxide and Copper (II) Hydroxide 
Table 2-2 summarises the reported solubility constants for copper (II) hydroxide and 
copper (II) oxide at 25°C.  
Table 2-2: Reported solubility products for Cu(OH)2 and CuO at 25°C. (Powell et al. 
2007), (Hidmi & Edwards 1999), (Palkin & Shchirova 1956), (Yungman 1999), 
(Plyasunova et al. 1997), (Bard et al. 1985), (Stella & Ganzerli-Valentini 1979), 
(Monhemius 1977), (Parthasarathy et al. 1973), (Gübeli et al. 1970), (Helgeson 1969), 
(Spivakovskii & Makovskaya 1968), (Schindler et al. 1965), (Feitknecht & Schindler 
1963), (Barton & Bethke 1960), (Barton 1957), (Sircar & Prasad 1956), (Dobrokhotov 
1954), (Akselrud 1950), (Nasanen & Tamminen 1949), (Graner & Sillin 1947), 
(Feitknecht 1944), (Oka 1938) 
Source Reference Log(Ksp) Cu(OH)2 # Log(Ksp) CuO * 
Powell et al. (2007)  -19.30’ -20.33” 
Powell et al. (2007) -19.33 -20.36 
Hidmi and Edwards (1999) -18.67’  
Palkin and Shchirova (1956) via Yungman (1999) -19.23  
Plyasunova et al. (1997)  -20.08” 
Bard et al. (1985) -19.25  
Stella and Ganzerli-Valentini (1979) -18.39’  
Monhemius (1977) -19.80  
Parthasarathy et al. (1973) -18.30  
Gübeli et al. (1970) -19.10  
Helgeson (1969) -21.34’  
Spivakovskii and Makovskaya (1968) -19.89  
Schindler et al. (1965) -19.32 -20.32” 
Schindler et al. (1965) -19.05’ (active) -20.33” 
Schindler et al. (1965) -19.29’ (inactive) -20.35 
Feitknecht and Schindler (1963) -18.80 -19.70 
Feitknecht and Schindler (1963)  -20.50 
Barton and Bethke (1960)  -19.70 
Barton (1957)  -19.90 
Sircar and Prasad (1956) -19.82  
Dobrokhotov (1954)  -19.90 
Akselrud (1950)  -19.88 
Nasanen and Tamminen (1949) -18.59 -19.66 
Graner and Sillin (1947)  -18.30 
Feitknecht (1944) -20.00  
Oka (1938)  -18.20 
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# Based on reaction Cu(OH)2 = Cu
2+ + 2OH- approaching infinite dilution 
* Based on reaction CuO + H2O = Cu
2+ + 2OH- approaching infinite dilution 
‘ Converted from reported value based on reaction Cu(OH)2 + 2H
+ = Cu2+ + 2H2O using ∆Gf° Cu
2+ = 65,040 
J/mol, ∆Gf° H2O = -237,141 J/mol and ∆Gf° OH
- = -157,322 J/mol. (HSC 2011) 
“ Converted from reported value based on reaction CuO + 2H+ = Cu2+ + H2O using ∆Gf° Cu
2+ = 65,040 J/mol, 
∆Gf° H2O = -237,141 J/mol and ∆Gf° OH
- = -157,322 J/mol. (HSC 2011) 
There are significant variations in the solubility products reported for both the copper (II) 
hydroxide and copper (II) oxide. Hidmi and Edwards (1999) investigated the reasons for 
the variation in reported solubility product for copper (II) hydroxide. They determined that 
equilibration time, experimental procedure, ionic strength correction, regression analysis, 
activity correction, solids age, particle size, colloidal nature of the precipitate and anion 
interactions, and the resulting formation of basic salts were all major sources of error in the 
previous results (Hidmi & Edwards 1999). These same deficiencies also appear to affect 
the previous studies of the solubility of the copper (II) oxide. 
Basic Copper (II) Salts 
The stabilities of the basic copper salts have only been investigated in a small number of 
studies. A summary of the reported solubility data is shown in Table 2-3. All of these 
studies suffer from significant limitations in the experimental or analytical method. 
Nasanen and Tamminen (1949) determined the solubility of the basic copper salts by 
extrapolating to conditions of infinite dilution even though they noted that the basic copper 
salts were not stable at the low concentrations used in their study. Their calculation 
method also assumed that no copper complex formation occurred although their 
experimental trend indicated that this complex formation was a factor.  
Yungman (1999) provided a comprehensive summary of thermal constants although there 
are issues with sourcing the reported information. The reported references for copper 
hydroxide and the three basic copper salts of interest are incorrect as the papers cited 
discuss completely different topics. The reported stability values may have been 
determined elsewhere but without correct citation, the quality of the data cannot be 
evaluated.  
Yoder et al (2007) equilibrated their experimental solutions (0.05 to 1.2 M CuSO4 at 25-
80°C) for just six days although Barton and Bethke (1960) had previously noted that the 
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time required to reach equilibrium for the precipitation of the basic copper salts at 25°C 
was greater than a week.  
Yoder et al (2010) also presented estimates for a number of basic copper salts using their 
“simple salt approximation” method where the lattice energy of the double salt (basic 
copper salt) was calculated from the stoichiometry-weighted lattice energies of the 
individual salts that form the double salt compound (Yoder et al. 2010). This approximation 
method does not provide a reliable figure.  
Table 2-3: Reported solubility products for basic copper sulphate, nitrate and 
chloride salts at 25°C. (Yoder et al. 2007), (Wagman et al. 1982), (Wagman et al. 
1969), (Robie et al. 1978), (Naumov et al. 1974), (Popovicheva et al. 1964), (Yungman 
1999), (Barton & Bethke 1960), (Silman 1958), (Nasanen & Tamminen 1949), (Yoder 
et al. 2010), (Pashinkin & Sapozhnikov 1962), (Reznitskii & Khomyakov 1959) 
Source Reference 
Log(Ksp) Basic Copper Sulphate 
CuSO4.3Cu(OH)2 = 4Cu
2+
 + SO4
2-
 + 6OH
-
 
Yoder et al. (2007) -69.00 
Wagman et al. (1982) -68.25* 
Wagman et al. (1969) via Robie et al. (1978)  -68.31* 
Naumov et al. (1974) -68.29* 
Popovicheva et al. (1964) via Yungman (1999) -68.44 
Barton and Bethke (1960) -68.60 
Silman (1958) -68.38* 
Nasanen and Tamminen (1949) -68.40* 
 
Log(Ksp) Basic Copper Chloride 
CuCl2.3Cu(OH)2 = 4Cu
2+
 + 2Cl
-
 + 6OH
-
 
Yoder et al. (2010) (atacamite) -68.00 
Wagman et al. (1982) -68.89* 
Naumov et al. (1974) -69.22* 
Pashinkin and Sapozhnikov (1962) via Yungman (1999) -69.04* 
Barton and Bethke (1960) (atacamite) -69.40 
Nasanen and Tamminen (1949) -69.20* 
 
Log(Ksp) Basic Copper Nitrate 
Cu(NO3)2.3Cu(OH)2 = 4Cu
2+
 + 2NO3
-
 + 6OH
-
 
Yoder et al. (2010) (Gerhardtite) -67.40 
Reznitskii and Khomyakov (1959) via Yungman (1999) -65.37 
Nasanen and Tamminen (1949) -65.60* 
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* Converted from reported data (based on a different solubility reactions e.g. CuSO4.3Cu(OH)2 + 6H
+ = 4Cu2+ 
+ SO4
2- + 6H2O) using ∆Gf° Cu
2+ = 65,040 J/mol, ∆Gf° H2O = -237,141 J/mol, ∆Gf° OH
- = -157,322 J/mol, 
∆Gf° SO4
2- = -744,361 J/mol, ∆Gf° Cl
- = -131,260 J/mol and ∆Gf° NO3
- = -110,828 J/mol (HSC 2011) 
In addressing the stability of the salts, it is also important to note that a number of the 
basic copper salts are only reported to be stable at high copper and anion concentrations, 
such as, brochantite (Nasanen & Tamminen 1949), antlerite (Livingston 1991) and 
atacamite (Pollard et al. 1989). At the same time, basic copper salts are known to convert 
to copper hydroxide or copper oxide upon exposure to excess hydroxide, for example, the 
phase transformation of posnjakite (CuSO4.3Cu(OH)2.H2O) to copper oxide (CuO) has 
been reported to occur upon exposure to alkaline solution at pH 9 (Marani 1992). Even 
exposure of precipitated basic copper salts to neutral or soft water may be sufficient to 
cause the basic copper salt to decompose or convert to a different phase, as the lack of 
anionic species in the solution would destabilise the basic salt. This increases the 
uncertainties of the solubility constants determined by methods that extrapolate to 
conditions of infinite dilution. To avoid destabilising the solids, the determination of 
solubility should be carried out in solutions containing sufficiently high concentration of the 
constituent solutes in the electrolyte. To directly measure the solubility of the salts in 
concentrated solutions, the aqueous solution species and the relevant activity coefficients 
must be known.  
Of the activity models currently used for aqueous solutions, the Pitzer (Pitzer 1973) and 
Harvie’s modification of the Pitzer model (Harvie & Weare 1980) (Harvie et al. 1984) are 
the most widely accepted and applied for high ionic strength conditions where the simpler 
Debye-Hückel model is not applicable. The Debye-Hückel model uses the solution ionic 
strength, along with ion charge and long range electrostatic interaction parameters to 
estimate the activity coefficient of a solute. Harvie’s modification of the Pitzer model builds 
on the Debye-Hückel model by also taking into account empirically determined binary and 
ternary interactions of other solute ions on the activity coefficient of the solute in question. 
The particle size of a precipitate can also influence its solubility. This is because the Gibbs 
energy of formation of the solid is a function of the particle size through the Gibbs-
Thompson relation (Mullin 2001). That is, with decreased particle size, the solid-solution 
interfacial tension increasingly lowers the overall stability of the solid resulting in increased 
solubility. This effect is only generally measurable for small particles less than 1µm in 
diameter. Marani (1992) noted that his aged CuSO4.3Cu(OH)2 brochantite samples were 
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stable in a pH region where thermodynamic modelling predicted the predominance of the 
CuO, tenorite. He attributed this discrepancy to the initially microcrystalline dimensions of 
the tenorite, which forms fine, needle-like structures. The apparent solubility product for 
this tenorite precipitate was about one order of magnitude higher than expected for 
crystalline tenorite. This explanation is plausible as copper oxide is reported to have a 
relatively high interfacial tension with aqueous solutions (Schindler P 1967). This would 
cause a relatively high energy barrier for nucleation of the copper oxide solid, allowing the 
basic copper sulphate to remain metastable. 
Finally, many of the studies on the solubility of these salts were carried out more than thirty 
years ago. The accuracy of analytical methods have improved significantly over this time, 
as has the purity of reagents available for use in experimental analysis.  
From this discussion, it is clear that a number of experimental and analytical factors must 
be carefully considered to accurately determine the solubility product of a precipitated 
solid. These factors are: 
• Sufficient time to achieve equilibrium 
• Solution conditions such that the solid phase is actually the most stable phase 
• Incorporating speciation of all solutes in equilibrium with the solid 
• Correcting for the activity coefficients of all solutes 
• Correcting for the particle size and surface area of the precipitated solids 
No previous study on determination of the solubilities of copper oxide and basic copper 
salts has addressed all of these factors.  
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2.2 Methods 
Taking into account the factors influencing the solubilities of solids identified in previous 
investigations, an improved methodology of solubility determination has been developed 
which should increase the accuracy of the solubility data ascertained.  
In the present study, the equilibrium solubility products for precipitated basic copper salts 
and copper oxide were determined in high ionic strength solutions in the range of 0.06 - 
3.5 M. This range of ionic strengths encompasses the solution conditions expected in 
industrial practice. The equilibrium solubility products were determined by measuring the 
solution composition, calculating speciation of all ions present in solution and estimating 
the aqueous species activity coefficients. These equilibrium solubility products were then 
used to estimate the Gibbs energy change of formation of the precipitated solid. This result 
was adjusted to account for surface energy effects where appropriate. 
 Experimental Procedure 2.2.1
The chemicals used in these solubility experiments were copper nitrate trihydrate (99.0%, 
Chem-Supply), copper sulphate pentahydrate (98.0%, Chem-Supply), copper chloride 
dihydrate (99+% ACS, Alfa Aesar) and sodium hydroxide (97.0%, Chem-Supply). Initial 
solutions of cupric sulphate, nitrate or chloride were prepared using de-ionised water at 
approximately 50 g-Cu/L or 5 g-Cu/L. 12 sets of 100 mL of copper solution were prepared 
for each salt at each concentration. The 100 mL portions were placed in a high density 
polyethylene bottle and sparged with high purity nitrogen gas to expel carbon dioxide and 
minimise the likelihood of carbonate formation. A 16M sodium hydroxide solution was used 
to add a stoichiometric ratio of hydroxide to the copper solution causing copper salts to 
precipitate from solution. The bottles were then sealed and placed in a water bath bottle 
roller maintained at 25°C ± 2°C for at least 21 days. Scoping experiments of this type were 
carried out measuring the change in solution pH over time. These scoping experiments 
demonstrated that 21 days was sufficient for equilibrium conditions to be achieved.  
Analysis 
After equilibrating, the pH of the slurry was measured and a portion of the slurry was 
filtered using a 0.45 µm cellulose acetate syringe filter to produce a clear liquid from which 
a 1.000 mL solution sample was obtained using calibrated automatic pipettes. The entire 
slurry was then filtered with a 0.1 µm cellulose acetate filter and another 1.000 mL solution 
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sample was taken. The density of the filtered solution was also calculated by measuring 
the mass of a 1.000 mL sample. The average of at least three density measurements was 
recorded as the solution density. All of the 1.000 mL solution samples were diluted with 
9.000 mL of either approximately 2 wt. % nitric or approximately 2 wt. % hydrochloric acid 
(prepared from 70 wt. % analytical grade nitric acid and 32 wt. % analytical grade 
hydrochloric acid) depending on the relevant copper salt – nitric acid was used for the 
copper sulphate and chloride solutions while hydrochloric was used for the copper nitrate 
solutions. The acid dilution was carried out to stabilise the metals in solution prior to 
chemical analysis. The solution pH of both the slurry and the filtered solution were 
measured using a WP-80D pH, mV and Temperature meter supplied by TPS with a 
Ag/AgCl intermediate junction reference pH probe also supplied by TPS calibrated with pH 
4.00 and pH 7.00 buffer solutions.  
The solids collected from the 0.1 µm cellulose acetate filter were dried to constant mass at 
room temperature in air and subsequently ground using a mortar and pestle. The solids 
were not washed after filtering to avoid decomposition of the precipitate. The presence of 
entrained liquor resulted in a small amount of the relevant sodium salt remaining in the 
filtered copper precipitate. The phases present in the solid samples were determined by X-
ray powder diffraction (XRD) using a Bruker D8 Advance XRD with a Lynx Eye detector 
and Cu Kα radiation at 40kV and 40mA. The samples that were found by XRD to include 
more than a single copper salt were not used in subsequent solubility calculations. 
Portions of selected solid samples were also dissolved in hydrochloric or nitric acid and 
analysed to confirm the salt composition. Selected solid samples were also analysed by 
nitrogen adsorption BET using a TriStar II 3020 to measure the specific surface area of the 
precipitates and therefore the effect of the particle size on the precipitate stability. Samples 
with minimal sodium salt contamination were used for this surface area analysis. 
All solution samples were analysed for Cu, Na and S concentrations by ICP-OES and for 
chloride and nitrate concentrations by UV-Vis spectrophotometry. The solution ionic 
charge balance was calculated directly from the solution assays. The sulphate, chloride or 
nitrate anion concentration was adjusted where appropriate to achieve a balanced solution 
ionic charge for the purposes of the subsequent solubility calculations. The solute content 
combined with the measured solution density was used to calculate the mass of water. 
The primary sources of error in these experiments vary for the different conditions. At the 
very low aqueous copper activities, the concentration of copper measured in solution 
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approached the detection limit (5 ppb Cu) of the ICP used for copper analysis. The relative 
error in copper concentration therefore becomes significant. Other sources of experimental 
error were variation in the pH calibration and measurement, sampling volume, pre-analysis 
dilution and subsequent sample composition measurement by ICP or UV-Vis. In particular, 
the measurement of pH is often a significant source of error with values typically only 
accurate to ± 0.1 pH units. To manage the error, each experiment was carried out in 
triplicate and each batch of samples sent for analysis included a set of repeat samples to 
cross check the ICP and UV-Vis measurements.  
 Calculations 2.2.2
The standard Gibbs energy change for formation of a compound can be determined from 
experimental results as outlined below. 
The Gibbs energy change of a reaction can be described by Equation 2-1. 
∆  ∆° +   Equation 2-1 
Where K is the equilibrium product, a quotient containing the activities of the reaction 
products and reactants at equilibrium, ∆Grxn is the Gibbs energy change of the reaction at 
the conditions of the system and ∆Grxn° is the standard Gibbs energy change of the 
reaction as described by Equation 2-2. 
∆°  ∆° !"#$ % ∆°&'"#'#$ Equation 2-2 
Where ∆Gf°x is the Gibbs standard energy change of formation of the substance, mixture 
or solution x when formed at its standard state from elements in their standard states. The 
standard state of a gas or liquid is taken as the pure substance at one bar pressure and a 
temperature of 298.15 K. The standard state of a solute in aqueous solution is a molality of 
one mol/kg-H2O but exhibiting infinite dilution behaviour. As the solute concentration 
approaches infinite dilution, the activity of the solute approaches its concentration; hence, 
the activity coefficient approaches one. Given the solute molality of one mol/kg-H2O with 
an activity coefficient of one, the activity of the solute at the standard state is also one. 
At equilibrium, the Gibbs energy change of the reaction is zero, allowing the equation to be 
rearranged as shown Equation 2-3. 
∆°  %  Equation 2-3 
In the case of a dissolution reaction, the equilibrium in question defines the solubility of the 
solid. Therefore, when the dissolution reaction is a simple dissolution, for example copper 
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oxide (CuO(s)) dissolving to aqueous copper oxide (CuO(a)), the equilibrium product is 
referred to as the solubility constant. When the dissolution reaction in question is a 
dissolution reaction with subsequent dissociation, for example copper sulphate dissolving 
to cupric and sulphate ions, the equilibrium constant is referred to as a solubility product 
Ksp. This solubility product is a quotient containing the activities of the reaction products 
and reactants.  To simplify the discussion, the term solubility product will be used for all 
solubility calculations. An example of the Ksp for the dissolution of copper oxide to the Cu
2+ 
ion in aqueous solution (Equation 2-4) is shown in Equation 2-5. 
(!)$ + *)  (!+' + )*,' Equation 2-4 
$-	(!)$ 
'(!.∗')*0

'(!)$∗'*)
 Equation 2-5 
Where '1 is the activity of the component x. The activity of the aqueous species can be 
estimated from the species concentration [x] using an aqueous species activity coefficient 
23 as shown in Equation 2-6.  
'  456 Equation 2-6 
Where 23 is the activity coefficient for species x and the [square brackets] indicate the 
solute concentration. A molar or molal activity coefficient may be calculated and therefore 
used with the molar or molal concentration of each species. Molal concentrations are most 
appropriate when temperature changes may affect the solution density as the molal 
concentration should not change with temperature. In this study, molar concentration and 
molar activity coefficients were used as all experimentation was carried out at 25°C. The 
activity of the pure substance in the solid state is by definition 1, which allows Equation 2-5 
to be rewritten as shown in Equation 2-7 
$-	(!)$ 
4(!.7(!
.8∗4)*05)*06
4*)5*)6
 Equation 2-7 
For dilute aqueous solutions, the concentration of water is taken to be one. Using the 
equations above, along with the thermodynamic data given in Table 2-4, the standard 
Gibbs energy change of formation of the copper oxide solid can be calculated if the cupric 
and hydroxide ion concentrations and activity coefficients are known when in equilibrium 
with the cupric oxide solid at 25°C.  
Equivalent dissolution reactions can be written for the precipitated copper salts dissolving 
to form any copper species in solution. Each of these reactions can be used to estimate 
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the standard Gibbs energy change of formation of the solid given the relevant standard 
Gibbs energy change for formation of the solute species and the solution concentrations 
and activity coefficients are known.  
Throughout this thesis, the simplest nomenclature for aqueous dissolved ions has been 
adopted. That is, the level of hydration of the various ions discussed has not been included 
in the nomenclature. As these ions are all dissolved in aqueous solutions, they will clearly 
be surrounded by layers of hydration. One example of this is a hydrogen ion (H+), 
sometimes referred to as a proton may also be considered to be a hydronium ion H3O
+, or 
the CuO (a) ion which may also be considered to exist as a Cu(OH)2 (a) ion. 
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Table 2-4: Standard Gibbs energy change of formation data for aqueous species 
used in speciation and Gibbs energy change of formation calculations. (HSC 2011) 
Aqueous species ∆Gf° (kJ/mol) 
H2O -237.1 
OH- -157.3 
Cu2+ 65.0 
CuO (a) -87.2 
CuO2
2- -172.5 
CuOOH- -251.4 
CuOH+ -126.4 
Cu(OH)3
- -501.5 
Cu(OH)4
2- -656.8 
Cu2(OH)
3+ -68.7 
Cu2(OH)2
2+ -283.8 
Cu3(OH)4
2+ -633.5 
SO4
2- -744.4 
Cl- -131.3 
NO3
- -110.8 
HSO4
- -755.3 
H2SO4 (a) -744.5 
HCl (a) -127.2 
HNO3 (a) -103.5 
CuCl+ -68.4 
CuCl2 (a) -193.0 
CuCl3
- -315.2 
CuCl4
2- -433.3 
Cu(NO3)2 (a) -156.6 
CuSO4 (a) -678.6 
Na+ -261.9 
NaOH (a) -417.9 
NaSO4
- -1010.6 
Na2SO4 (a) -1268.4 
NaCl (a) -388.7 
NaNO3 (a) -373.2 
 
Procedure for determining activity coefficients and equilibrium constants 
The conventional approach for estimating the standard Gibbs energy change of formation 
is to take measured solution concentration values, assume that each measured element is 
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present in solution as a single species, and use an activity coefficient model to calculate 
the activity of that species in solution from the measured values. This approach suffers 
from two significant problems. The first problem is that the measured solution 
concentration for an element does not represent the concentration of a single species in 
solution; it represents the sum of all dissolved species of that element. This means that the 
concentration term used to calculate the activity is incorrect. The second problem is that to 
correctly employ the activity coefficient models, all solution components must be specified. 
The main reason for this is that the activity coefficient model incorporates the ionic 
strength of the solution, which is dependent on every component in solution. These issues 
are particularly important in concentrated solutions and for conditions in which significant 
fractions of the solute elements are present in more than one species. Additionally, there 
appears to be some misunderstandings about how the activity coefficient models deal with 
speciation of solutes. Some researchers are under the impression that the binary and 
ternary interaction parameters in the activity coefficient model take into account 
destabilisation of solution species due to formation of other species such as through 
hydrolysis reactions. This is not the case, as the binary and ternary interaction parameters 
only take into account the influences of the two (binary) or three (ternary) ions they are 
specified for. This effect can be seen in a number of systems described in Zemaitis et al 
(2010). One specific example is in the NaOH-H2O system, where the Pitzer model fits the 
experimental data up to a concentration where the NaOH(a) species begins to become a 
significant solution species. The Pitzer model calculates that the mean activity coefficient 
of the system continues to increase exponentially while the experimental data shows that 
in reality rate of increase of mean activity coefficient with concentration decreases until the 
value reaches a maximum (Zemaitis Jr et al. 2010). This behaviour is attributed to the 
formation of the NaOH(a) species which is not taken into account in the Pitzer parameters. 
To address these issues, in the present study the relevant species concentrations and 
activity coefficients were estimated by iteratively solving for the solution species activities, 
solution species molarity and species activity coefficients. The procedure for determining 
the activity coefficients of individual species in the solution is as follows. 
Step 1 
Equilibrium reactions relating the activity of each possible species in solution to the activity 
of the aqueous ions Cu2+, Na+, H2O, H
+ and SO4
2-, Cl- or NO3
- by the relevant reaction 
equilibrium constant are specified. These ions are chosen to provide a single variable 
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relationship for each element to be used in an elemental balance. An example of the 
reaction between Cu2+ and Cu(OH)3
- is shown in Equation 2-8, Equation 2-9 and Equation 
2-10. 
(!)*
,'  (!+' + )*,' Equation 2-8 
 
'(!.∗')*0

'(!)*
0
 Equation 2-9 
'(!)*0 
'(!.∗')*0


 Equation 2-10 
Step 2 
Initially, assuming that the activity coefficient of each species in solution was one, the 
species activity relations are used to calculate the molarity of each species (using 
Equation 2-6) in solution such that the total moles of copper, sodium and the relevant 
anion in solution, along with the solution pH and density match the experimentally 
measured values. This elemental mole balance was calculated using Excel Solver. 
Knowing the molarity of each species in solution then allows the use of an activity model. 
Step 3 
The activity coefficients for each species, including water, are then estimated using 
Harvie’s modification of the Pitzer equation (Harvie & Weare 1980) via the HSC Chemistry 
Database v.7.00. The HSC Chemistry 7 database contains Pitzer parameter sets for 
almost all of the binary and most of the ternary systems of Cu2+, SO4
2-, Cl-, NO3
-, OH-, Na+ 
and H+ (HSC 2011). No Pitzer parameter data sets for the hydrolysed copper species or 
combinations of the anions, copper, sodium, proton and hydroxide are currently present in 
the database. Where the Pitzer parameter sets are not available, the Davies (extended 
Debye Hückel model) equation activity model is used. One limitation of the method 
appears to be the treatment of the H2O phase. The activity model estimates that the 
activity coefficient of the water is slightly greater than one in some cases. This is not true 
as the presence of dissolved ions in H2O typically causes a decrease in the H2O activity. 
Despite this limitation the results of the activity model were employed throughout the 
calculations to maintain consistency in approach. 
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Step 4 
The activity coefficients calculated by the model activity coefficient model are used to 
recalculate the activities and molarities of each species in solution in the elemental 
balance. 
Steps 2-4 are then carried out iteratively until no significant change (<0.5%) in the species 
activities, molarity and molar activity coefficients is observed with further iteration.  
Step 5 
The solubility product of the precipitated salt and subsequently the standard Gibbs energy 
change of formation for the solid when formed by reaction from any one of the relevant 
solution species at each experimental data point was then calculated. The average 
standard Gibbs energy change of formation of the solids was used to calculate the 
average solubility product of the precipitates from this study.  
An example of the difference between the conventional approach and the current 
approach is shown in Table 2-5. In this comparison, the activity coefficients for the Cu2+ 
and NO3
- ions and solution ionic strength calculated differ by approximately 10%.  
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Table 2-5: Example of the difference in concentration, activity coefficient and 
activity results between the conventional and the current approach to determination 
of solubility. Data from a copper solubility experiment in nitrate solution at pH 3.88 
and 25°C. 
 Conventional Approach Current Approach 
Solution 
Component 
Mol/L 91 '1 Mol/L 91 '1 
H2O (Solvent) 54.99 1.003 1.003 54.99 1.002 1.002 
Na+ 0.4 0.532 0.213 0.31 0.543 0.168 
NaOH(a)    7.58E-12 1.000 7.58E-12 
NO3
-
 0.77 0.688 0.530 0.66 0.703 0.464 
Cu
2+
 0.19 0.186 3.53E-02 0.18 0.182 3.28E-02 
CuO(a)    3.03E-09 1.000 3.03E-09 
CuO2
2-    7.35E-27 0.059 4.34E-28 
CuOH+    6.08E-06 0.493 3.00E-06 
Cu(OH)4
2-    4.19E-25 0.059 2.47E-26 
Cu2OH
3+    1.35E-03 0.002 2.70E-06 
Cu2(OH)2
2+    4.07E-05 0.059 2.40E-06 
Cu3(OH)4
2+    3.57E-09 0.059 2.11E-10 
HCuO2
-    8.03E-18 0.493 3.96E-18 
Cu(OH)3
-    1.48E-15 0.493 7.30E-16 
H+ 2.28E-04 0.577 1.32E-04 2.25E-04 0.582 1.31E-04 
Cu(NO3)2(a)    0.01 1.000 1.00E-02 
NaNO3(a)    0.09 1.002 9.02E-02 
HNO3(a)    3.15E-06 1.000 3.15E-06 
OH-    4.44E-11 0.548 2.43E-11 
Ionic Strength 0.97   0.85   
Particle Size 
The effect of the particle size on the Gibbs energy change of formation of the solids was 
also taken account. This particle size effect can be estimated using Equation 2-11 
(Schindler P 1967). 
∆	:;<  ∆ %


ӯ>:!'"&  Equation 2-11 
Where ∆Gf s=0 is the Gibbs energy of formation of the solid with a molar surface area 
approaching zero or when the particles are of a very large size, ∆Gf is the Gibbs energy of 
formation of the solid at the measured molar surface area, ӯ is the mean free surface 
energy of the solid in J/m2 and ASurface is the molar surface area of the solid in m
2/mol. 
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Some of the relevant mean free surface energy data is presented in Table 2-6. No 
references for the mean free surface energy of any basic copper salts were found in 
literature.  
Table 2-6: Mean free surface energy data. (Schindler P 1967) 
Solid Solution Mean free surface energy (J/m2) 
CuO 0.2 M NaClO4 0.69 ± 0.15 
Cu(OH)2 0.2 M NaClO4 0.41 ± 0.13 
The outlined approach should provide the most accurate estimation of aqueous species 
activities and therefore the best estimate of the solubility product and standard Gibbs 
energy change of formation of the precipitated solids. 
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2.3 Results and Discussion 
 Characterisation of Solids 2.3.1
Despite the large number of possible basic copper salts that may precipitate from the 
relevant copper salt solutions, XRD and solid dissolution analysis indicated that only four 
different crystalline copper phases were found to be formed over the range of conditions 
evaluated (pH 3 - 13, 0 - 50 g-Cu/L, I = 0.06 - 3.5 M). The basic copper sulphate, 
brochantite (CuSO4.3Cu(OH)2), basic copper chloride, clinoatacamite (CuCl2.3Cu(OH)2) 
and the basic copper nitrate, rouaite (Cu(NO3)2.3Cu(OH)2) were present at pH values 
below five. At pH above five, the copper (II) oxide tenorite (CuO), or mixtures of both the 
basic copper salt and the copper oxide were formed. The XRD patterns of the precipitates 
matched very well with the database patterns (ICDD PDF-2  2009) for the solid 
compounds indicated. The XRD patterns for each compound are significantly different 
from each other and from patterns of other copper oxide and copper-hydroxide sulphate, 
nitrate and chloride salts, making definitive identification relatively easy. Examples of the 
XRD patterns for compounds identified in this study are shown in Figure 2-1. 
 
Figure 2-1 – XRD patterns from select precipitated copper solids (Cu Kα) thenardite 
(Na2SO4) and halite (NaCl) peaks marked in black where appropriate. (ICDD PDF-2  
2009) 
At the macroscopic level, the precipitated copper (II) oxide (CuO) solids were dark brown 
in colour and formed <1 mm agglomerates of fine, sub-micron particles. Secondary 
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CuO + Na2SO4
Tenorite + Halite
CuO + NaCl
CuCl2.3Cu(OH)2 
Cu(NO3)2.3Cu(OH)2 
CuSO4.3Cu(OH)2 
CuO + Na2SO4 
CuO + NaCl 
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electron micrographs of the copper oxide solids precipitated in this study after air drying 
and crushing are shown in Figure 2-2. The particles exhibit a crystalline morphology, 
largely equiaxed, with no predominant shape although some needle and plate-like 
particles can be distinguished. There was some variation in the shape, size and level of 
agglomeration of the copper oxide depending on the solution conditions. In sulphate 
solution the CuO particles appeared to be very fine <0.5 µm with little agglomeration. In 
the chloride and nitrate solutions, the CuO particles were of the order of one µm diameter 
although there was significant agglomeration. 
 
Figure 2-2: Secondary electron micrographs of precipitated Copper (II) Oxide (CuO) 
formed from addition of sodium hydroxide to a) a copper sulphate solution b) a 
copper chloride solution c) a copper nitrate solution; all equilibrated for 21 days 
The individual particles of the basic copper salts produced in this study were also 
indistinguishable at the macroscopic scale as they agglomerated upon filtering and air 
drying. All of these solids were blue-green in colour.  
The micrographs presented in Figure 2-3 show typical structures of precipitated solids. 
The basic copper sulphate appeared to be an agglomerate of very fine angular particles 
<0.5 µm in diameter. The basic copper chloride agglomerate appeared to be formed of fine 
a  2µm b  2µm 
c  2µm 
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(<2µm) particles, which showed no predominant shape while the basic copper nitrate solid 
appeared to be an agglomerate of fine particles approximately 1µm in diameter.  
 
Figure 2-3: Secondary electron micrographs of precipitated copper (II) solids formed 
from addition of sodium hydroxide to a) a copper sulphate solution forming the 
basic copper sulphate (brochantite) b) a copper chloride solution forming the basic 
copper chloride (atacamite) c) a copper nitrate solution forming the basic copper 
nitrate (rouaite); all equilibrated for 21 days 
 Determination of Speciation, Solubility Products and Standard Gibbs Energy 2.3.2
Change of Formation 
Surface Area 
The BET surface area analysis results and the subsequent particle size effect on the 
solubility product for the different solid phases precipitated in this study are presented in 
Table 2-7. The magnitudes of the specific surface areas of the basic salts are in 
agreement with the observed particle sizes from the micrographs (Figure 2-3). The 
calculated solubility products and standard Gibbs energy change of formation for the 
copper oxide and basic copper sulphate, chloride and nitrate salts adjusted for surface 
area and taking into account all aqueous species activity coefficients are presented in 
Table 2-8.  
a  2µm b  2µm 
c  2µm 
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The basic copper sulphate precipitate and the copper oxide precipitate formed in sulphate 
solution were sufficiently small that their particle size had a significant effect on their 
calculated solubility product (the size effect on the Gibbs energy of formation of the solid 
was greater than the 95% confidence interval calculated for the solid). The basic copper 
chloride and basic copper nitrate particles were sufficiently large that their particle size and 
surface area did not have a significant effect on their solubility. 
A number of sulphate solutions samples at conditions where copper oxide was formed 
were measured with much higher copper concentration than expected. The very fine size 
of the copper oxide and basic copper sulphate particles may have led to some of the solid 
bypassing the filter during filtration and sampling. Once the filtered solution was sampled 
and diluted, the bypassed solids would have dissolved causing the measured solution 
concentrations to be higher than the true equilibrium values. To evaluate whether this was 
possible the approximate particle sizes of the precipitates formed in this study was 
estimated from the surface area measurement. Using the assumption of homogenous 
spherical particles and solid phase densities from Roberts et al (1990), the approximate 
particle size is also presented in Table 2-7 (Roberts et al. 1990). This calculation only 
gives an approximation of the particle size and ignores shape, agglomeration and size 
distribution effects. These particle size results indicate that in some cases, individual 
particles may have been able to pass through the 0.45 µm and 0.1 µm filter papers. In the 
cases where the filtered solution was very dilute, the small portion of solids passing 
through the filter would have a significant effect on the solution assay. To this end, the 
experimental data points with copper concentrations more than one order of magnitude 
greater than expected were omitted. These were mainly associated with the 0.45 µm 
filtered samples of copper (II) oxide formed in sulphate solution. 
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Table 2-7: BET surface area analysis results indicating the effect of particle size on 
precipitate solubility 
Precipitate Chemical Formula 
Mean Free 
Surface 
Energy (J/m
2
) 
Average Molar 
Surface Area 
(m
2
/mol) 
Approximate 
Particle Size 
(nm) 
Size Effect 
On 
∆Gf J/mol 
Copper Oxide from 
Sulphate Solution 
CuO 0.69 3435 11 -1580 
Copper Oxide from 
Chloride Solution 
CuO 0.69 776 47 -357 
Copper Oxide from 
Nitrate Solution 
CuO 0.69 967 38 -445 
Basic Copper 
Sulphate 
CuSO4.3Cu(OH)2 0.41* 4960 69 -1356* 
Basic Copper 
Chloride 
CuCl2.3Cu(OH)2 0.41* 512 675 -140* 
Basic Copper 
Nitrate 
Cu(NO3)2.3Cu(OH)2 0.41* 147 2891 -40* 
* The mean free surface energy for copper hydroxide was used for calculations involving the basic copper 
salts as no references for the relevant surface energy could be found (Schindler P 1967).  
Precipitate Solubility 
The calculated solubility products and Gibbs energy change of formation for the copper 
oxide and basic copper sulphate, chloride and nitrate salts from solute species are 
presented in Table 2-8, taking into account the size effects of the precipitates where 
appropriate.  
Table 2-8: Summary of copper salt solubility product and standard Gibbs energy 
change of formation results at 25°C 
Solubility Equation 
Log(Ksp) ± 95% 
CI 
∆Gf Solid ± 95% CI 
(J/mol) 
n 
CuO + H2O = Cu
2+ + 2OH- 
CuO = CuO (a) 
CuO + H2O + OH
- = Cu(OH)3
- 
-19.82 ± 0.10 
-6.61 ± 0.10 
-3.11 ± 0.10 
-124,900 ± 570 37 
CuSO4.3Cu(OH)2 = 4Cu
2+ + SO4
2- + 6OH- 
CuSO4.3Cu(OH)2 = 4Cu
2+ + SO4
2- + 6OH- with  ASurface→0  
-67.86 ± 0.22 
-68.09 
-1,812,800 ± 1260 
-1,814,100 
24 
CuCl2.3Cu(OH)2 = 4Cu
2+ + 2Cl- + 6OH- -69.73 ± 0.47 -1,341,600 ± 2680 30 
Cu(NO3)2.3Cu(OH)2 = 4Cu
2+ + 2NO3
- + 6OH- -65.83 ± 0.27 -1,278,500 ± 1540 18 
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All raw experimental data and the solved speciation and species activity coefficients for 
each data point are presented in Appendix 1. 
The effect of the anion and solution ionic strength on the activity coefficients calculated for 
the Cu2+ ion in the sulphate, chloride and nitrate solutions, are compared in Figure 2-4. 
The ionic strength of the solution is calculated as shown in Equation 2-12 where ci 
represents the solution concentration of species i and zi represents the ionic charge of 
species i.  
?  @

∑ "BCBB;@  Equation 2-12 
It is interesting to note that the activity of Cu2+ ion in sulphate solutions was significantly 
lower than in nitrate and chloride solutions at equivalent ionic strengths. For example, the 
Cu2+ activity coefficient at I = 2 in a sulphate solution is approximately 0.058 while in a 
chloride solution it is approximately 0.146. This is interesting as one would expect the 
opposite effect given the above equation for ionic strength and the divalent nature of the 
sulphate ion. 
 
Figure 2-4: Calculated activity coefficient of Cu2+ ion from experimental data points 
vs ionic strength of the solution in sulphate, nitrate and chloride solutions at 25°C 
Copper (II) Oxide Solubility 
The solubility results for the copper (II) oxide solid determined in this study are presented 
on the precipitation diagram shown in Figure 2-5. The Cu2+, CuO(a) and Cu(OH)3
- species 
were the predominant solute species over the range of experimental conditions tested.  
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The experimental data points plotted represent the activity of the predominant copper 
species in solution under those experimental conditions. The change in the most stable 
copper species at differing solution conditions gives the precipitation diagram its distinctive 
shape. At low pH values, the Cu2+ ion is the predominant copper species. The solubility of 
the copper (II) oxide solid is therefore determined by the reaction shown in Equation 2-13.  

+ + ,  
 +   Equation 2-13 
At neutral pH values (approximately pH 7-10.5), the predominant copper species in 
solution is the CuO(a) species. The reaction between CuO(a) and the copper (II) oxide 
solid does not depend on pH as shown in Equation 2-14.  

  
  Equation 2-14 
At the high pH values seen in this study, the predominant copper species in solution is the 
Cu(OH)3
- ion. Under these conditions, the solubility of the copper (II) oxide solid is 
determined by the reaction shown in Equation 2-15. 
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

,  
 + + ,  Equation 2-15 
 
Figure 2-5: Activity adjusted experimental results from experiments in sulphate 
(cross), chloride (circle) and nitrate (square) solutions, speciation incorporated 
solubility (black line) for the solubility of copper (II) oxide as a function of pH at 25°C 
Basic Copper Salt Solubility 
The solubility product results for the basic copper sulphate, chloride and nitrate salts 
determined in this study are presented on precipitation diagrams (Figure 2-6, Figure 2-7 
and Figure 2-8). The activity of the Cu2+ species is plotted as a function of pH at a constant 
anion activity. The solubility line shown on these figure represents the equilibrium between 
the solid and the Cu2+ ion in solution at a constant anion activity. To show the experimental 
points on these plots at constant and equivalent anion activities, the precipitate solubility 
was calculated individually for each data point and then all calculated solubility data points 
were adjusted to the specified activity of sulphate, nitrate or chloride as indicated in the 
figure caption.  
The brochantite solid produced in this study was found to be less stable than previous 
researchers have concluded. All experimental solubility data determined in this study 
matches very well with the fitted solubility equilibrium line. Once the fine particle size was 
taken into account the resulting solubility (LogKsp = -68.09) was a closer match to the 
results of Wagman et al. (1982) (LogKsp = -68.25), Wagman et al. (1969) (LogKsp = -68.31) 
and Naumov et al. (1974) (LogKsp = -68.29). All of these references are collated tables of 
chemical thermodynamic properties and do not provide the experimental data used 
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determining the reported solubility products or information on the experimental method 
used. Wagman et al. (1982) did state that some Gibbs energy of formation data was 
calculated from dissolution reaction experiments using Debye-Hückel theory to correct for 
activity in the very dilute solutions. The current method should therefore provide a more 
accurate and reliable measure of the solubility of the basic copper salt. 
 
Figure 2-6: Activity adjusted experimental results from experiments in sulphate 
solution with fitted solubility as a function of pH at 25°C. All experimental points and 
thermodynamic predictions are adjusted to aSO4
2- = 0.01 
The basic copper chloride solid formed in the current study was found to be more stable 
than previous researchers have concluded however, the experimental data from this study 
displays a high level of variability and the majority of the previously reported values lie 
within the 95% confidence interval for this data. The experimental variability of these 
samples in chloride solution was caused principally by uncertainties in reproducibility of pH 
measurement (typically ±0.1 pH units) since the repeated experiments showed there to be  
very little difference in copper activity but a greater variability in the solution pH. The 
reason for the high variability in pH measurement between repeated experiments in 
chloride solution is not known.  
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Figure 2-7: Activity adjusted experimental results from experiments in chloride 
solution with fitted solubility as a function of pH at 25°C. All experimental points and 
thermodynamic predictions are adjusted to aCl- = 0.10 
The experimental data for the basic copper nitrate determined this study matches very well 
with the fitted solubility equilibrium line. The solubility of the basic copper nitrate calculated 
in this study is in close agreement with the value reported by Nasanen and Tamminen 
(1949) (logKsp = -65.60). This agreement may be coincidental as the Nasanen and 
Tamminen (1949) study suffered from three noted limitations: potentially insufficient 
equilibration time, no incorporation of speciation (which the authors specifically noted as a 
source of inaccuracy) and use of very dilute solutions. 
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Figure 2-8: Activity adjusted experimental results from experiments in nitrate 
solution with fitted solubility as a function of pH at 25°C. All experimental points and 
thermodynamic predictions are adjusted to aNO3
- = 0.10 
Like the copper (II) oxide solid, the equilibrium relationship that determines the solubility of 
copper in solution varies with the type of copper species in solution. Unlike the copper 
oxide solid, the equilibrium relationship also varies with the activity of the anion in solution. 
These basic copper sulphate, chloride and nitrate salt stability regions at varying sulphate, 
chloride and nitrate activities are shown in Figure 2-9, Figure 2-10 and Figure 2-11 
respectively.  
In sulphate solution, in the region where Cu2+ is the predominant copper solution species, 
the solid-solution equilibrium is determined by the line representing the reaction shown in 
Equation 2-16. In this region, the solubility of the copper in solution decreases with 
increasing pH. 

+ + 
, + E,  
. 
  Equation 2-16 
In the region where the predominant solution species is CuO(a), the solid-solution 
equilibrium is determined by the line representing the reaction shown in Equation 2-17. In 
this region, the solubility copper in solution increases with increasing pH. 
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
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, + 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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,  Equation 2-17 
In the Cu(OH)3
- predominance region, the stability of the basic copper sulphate solid is 
represented by the reaction shown in Equation 2-18. In this region, the solubility copper in 
solution increases with increasing pH. 


, + 
,  
. 
 + E,  Equation 2-18 
As the sulphate activity is increased, the stability region of the basic copper sulphate solid 
expands to lower copper solution species activities. 
 
Figure 2-9: Solubility of basic copper sulphate at 25°C and varying sulphate activity 
aSO4
2- = 1, aSO4
2- = 0.01 
In chloride solution, in the region where Cu2+ is the predominant copper solution species, 
the solid-solution equilibrium is determined by the line representing the reaction shown in 
Equation 2-19. In this region, the solubility of the copper in solution decreases with 
increasing pH. 

+ + F, + E,  
F. 
  Equation 2-19 
In the region where the predominant solution species is CuO(a), the solid-solution 
equilibrium is determined by the line representing the reaction shown in Equation 2-20. In 
this region, the solubility of copper in solution increases with increasing pH. 
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 + ,  Equation 2-20 
In the Cu(OH)3
- predominance region, the stability of the basic copper chloride solid is 
represented by the reaction shown in Equation 2-21. In this region, the solubility copper in 
solution increases with increasing pH. 


, + F,  
F. 
 + E,  Equation 2-21 
As the chloride activity is increased, the stability region of the basic copper chloride solid 
expands to lower copper solution species activities. The stability region of the basic copper 
chloride solid is more sensitive to chloride ion activity than the basic copper sulphate is to 
sulphate ion activity. This is due to the nature of the solubility reactions as the basic 
copper sulphate solubility depends directly on the activity of the sulphate while the basic 
copper chloride solubility depends on the square of the chloride ion activity. 
 
Figure 2-10: Solubility of basic copper chloride at 25°C and varying chloride activity 
aCl- = 1, aCl- = 0.01 
In nitrate solution, in the region where Cu2+ is the predominant copper solution species, 
the solid-solution equilibrium is determined by the line representing the reaction shown in 
Equation 2-22. In this region, the solubility of the copper in solution decreases with 
increasing pH. 
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,  
G. 
  Equation 2-22 
In the region where the predominant solution species is CuO(a), the solid-solution 
equilibrium is determined by the line representing the reaction shown in Equation 2-23. In 
this region, the solubility of copper in solution increases with increasing pH. 

 + G
, +   
G. 
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,  Equation 2-23 
In the Cu(OH)3
- predominance region, the stability of the basic copper nitrate solid is 
represented by the reaction shown in Equation 2-24. In this region, the solubility copper in 
solution increases with increasing pH. 


, + G
,  
G. 
 + E,  Equation 2-24 
As the nitrate activity is increased, the stability region of the basic copper nitrate solid 
expands to lower copper solution species activities. Like the basic copper chloride, the 
stability region of the basic copper nitrate solid is also more sensitive to nitrate ion activity 
than the basic copper sulphate is to sulphate ion activity. This is due to the nature of the 
solubility reactions as the basic copper sulphate solubility depends directly on the activity 
of the sulphate while the basic copper nitrate solubility depends on the square of the 
nitrate ion activity. 
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Figure 2-11: Solubility of basic copper nitrate at 25°C and varying nitrate activity 
aNO3
- = 1, aNO3
- = 0.01 
Relative Copper Precipitate Stabilities 
The solubility and stability regions of the CuO and the basic copper salts can now be 
combined to provide information on the effective solubility of copper over a range of pH 
values and anion concentrations as well as the phases formed at specific conditions. 
Sulphate Solutions 
The relative stabilities of the copper oxide and basic copper sulphate solids are presented 
in Figure 2-12. The CuO(s) phase may form from the solution in regions where the 
predominant copper species are Cu(OH)3
- and CuO(a) or Cu2+. The region of CuO(s) 
stability is independent of sulphate activity.  
When sufficient sulphate is present in the solution, the basic copper sulphate solid may 
also achieve equilibrium with the solution. The basic copper sulphate solid is sufficiently 
stable that its region of stability extends beyond that of the copper oxide in the Cu2+ 
solution predominance region even at very low sulphate activities. At sufficiently high 
sulphate activities, the basic copper sulphate stability region also extends beyond that of 
the copper oxide solid in the CuO(a) solution predominance region. At very high sulphate 
activities, the stability region of the basic copper sulphate will also extend beyond the 
stability region of the copper (II) oxide solid in the Cu(OH)3
- solution predominance region.  
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At some solution conditions, both copper (II) oxide and basic copper sulphate may form 
from solution. The solid-solid-solution equilibrium between the copper oxide solid, the 
basic copper sulphate solid and the solution is determined by the reaction shown in 
Equation 2-25. This equilibrium is independent of the copper species activity but does 
depend on the solution sulphate activity and pH.  

 + 
, +   
. 
 + ,  Equation 2-25 
When the system is at equilibrium with both solids present, the solution - copper oxide 
solid, the solution - basic copper sulphate solid and the copper oxide solid - basic copper 
sulphate solid - solution equilibrium conditions all apply. Therefore, the system must 
equilibrate at the point where all three of the equilibrium lines meet. This three-point 
equilibrium will be achieved by dissolving or precipitating copper oxide or basic copper 
sulphate solids until the proton, sulphate and relevant copper species activities equilibrate. 
Overall, it is clear that under conditions in which Cu2+ is the predominant copper containing 
cation, the effective solubility of copper decreases with increasing pH up to some critical 
pH, irrespective of the solid formed. For the conditions under which CuO (a) is the 
predominant species at low sulphate activities, the copper solubility becomes independent 
of pH through formation of the CuO solid. However, at high sulphate activities, the 
formation of the basic copper sulphate is favoured which causes the effective solubility of 
copper to increase with pH until the basic copper sulphate solid is no longer predominant. 
This causes an effective minimum copper solubility at high sulphate activities. This 
minimum copper solubility occurs as the predominant copper species in solution 
transitions from Cu2+ to CuO(a). Once the CuO(a) species becomes predominant, the 
solubility of the basic copper sulphate increases with increasing pH.  
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Figure 2-12: Effective solubility of copper and relative solid stability in sulphate 
solution at 25°C and varying sulphate activity aSO4
2- = 1, aSO4
2- = 0.01, aSO4
2- = N/A 
Chloride Solutions 
Similar behaviour is exhibited by chloride-containing solutions as shown in Figure 2-13. 
The CuO(s) phase may form from the solution in regions where the predominant copper 
species are Cu(OH)3
- and CuO(a) or Cu2+. The region of CuO(s) stability is independent of 
chloride activity.  
When sufficient chloride is present in the solution, the basic copper sulphate solid may 
also achieve equilibrium with the solution. The basic copper chloride solid is sufficiently 
stable that its region of stability extends beyond that of the copper oxide in the Cu2+ 
solution predominance region even at very low chloride activities. At sufficiently high 
chloride activities, the basic copper chloride stability region also extends beyond that of the 
copper oxide solid in the CuO(a) solution predominance region. At very high chloride 
activities, the stability region of the basic copper chloride will also extend beyond the 
stability region of the copper (II) oxide solid in the Cu(OH)3
- solution predominance region.  
At some solution conditions, both copper (II) oxide and basic copper chloride may form 
from solution. The solid-solid-solution equilibrium between the copper oxide solid, the 
basic copper chloride solid and the solution is determined by the reaction shown in 
Equation 2-26. This equilibrium is independent of the copper species activity but does 
depend on the solution chloride activity and pH.  
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,  Equation 2-26 
When the system is at equilibrium with both solids present, the solution - copper oxide 
solid, the solution - basic copper chloride solid and the copper oxide solid - basic copper 
chloride solid - solution equilibrium conditions all apply. Therefore, the system must 
equilibrate at the point where all three of the equilibrium lines meet. This three-point 
equilibrium will be achieved by dissolving or precipitating copper oxide or basic copper 
chloride solids until the proton, chloride and relevant copper species activities equilibrate. 
As with the sulphate system, under conditions in which Cu2+ is the predominant copper 
containing cation, the effective solubility of copper decreases with increasing pH up to 
some critical pH, irrespective of the solid formed. For the conditions under which CuO (a) 
is the predominant species at low chloride activities, the copper solubility becomes 
independent of pH through formation of the CuO solid. However, at high chloride activities, 
the formation of the basic copper chloride is favoured, which causes the effective solubility 
of copper to increase with pH until the basic copper chloride solid is no longer 
predominant. This causes an effective minimum copper solubility at high chloride activities. 
This minimum copper solubility occurs as the predominant copper species in solution 
transitions from Cu2+ to CuO(a). Once the CuO(a) species becomes predominant, the 
solubility of the basic copper chloride increases with increasing pH. 
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Figure 2-13:  Effective solubility of copper and relative solid stability in chloride 
solution at 25°C and varying chloride activity aCl- = 1, aCl- = 0.01, aCl- = N/A 
Nitrate Solutions 
The nitrate-containing solution also displays similar behaviour to the sulphate and chloride 
systems as shown in Figure 2-14. The CuO(s) phase may form from the solution in regions 
where the predominant copper species are Cu(OH)3
- and CuO(a) or Cu2+. The region of 
CuO(s) stability is independent of nitrate activity.  
When sufficient nitrate is present in the solution, the basic copper nitrate solid may also 
achieve equilibrium with the solution. The basic copper nitrate solid is less stable than the 
basic copper sulphate and chloride solids. At sufficient nitrate activity, its region of stability 
extends beyond that of the copper oxide in the Cu2+ solution predominance region. The 
low stability of the basic copper nitrate means that the predominance region of the basic 
copper nitrate will only extend into the region where the predominant solution species is 
CuO(a) at very high nitrate activities. At extremely high nitrate activities, the stability region 
of the basic copper nitrate may also extend beyond the stability region of the copper (II) 
oxide solid in the Cu(OH)3
- solution predominance region.  
At some solution conditions, both copper (II) oxide and basic copper nitrate may form from 
solution. The solid-solid-solution equilibrium between the copper oxide solid, the basic 
copper nitrate solid and the solution is determined by the reaction shown in Equation 2-27. 
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This equilibrium is independent of the copper species activity but does depend on the 
solution nitrate activity and pH.  

 + G
, +   
G. 
 + ,  Equation 2-27 
When the system is at equilibrium with both solids present, the solution - copper oxide 
solid, the solution - basic copper nitrate solid and the copper oxide solid - basic copper 
nitrate solid - solution equilibrium conditions all apply. Therefore, the system must 
equilibrate at the point where all three of the equilibrium lines meet. This three-point 
equilibrium will be achieved by dissolving or precipitating copper oxide or basic copper 
nitrate solids until the proton, nitrate and relevant copper species activities equilibrate. 
As with the sulphate system and chloride systems, under conditions in which Cu2+ is the 
predominant copper containing cation, the effective solubility of copper decreases with 
increasing pH up to some critical pH, irrespective of the solid formed. For the conditions 
under which CuO (a) is the predominant species at low nitrate activities, the copper 
solubility becomes independent of pH through formation of the CuO solid. At very high 
nitrate activities, the formation of the basic copper nitrate would be favoured, which would 
cause the effective solubility of copper to increase with pH until the basic copper nitrate 
solid is no longer predominant. This causes an effective minimum copper solubility at very 
high nitrate activities. This minimum copper solubility occurs as the predominant copper 
species in solution transitions from Cu2+ to CuO(a). Once the CuO(a) species becomes 
predominant, the solubility of the basic copper nitrate increases with increasing pH. 
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Figure 2-14: Effective solubility of copper and relative solid stability in nitrate 
solution at 25°C and varying nitrate activity aNO3
- = 1, aNO3
- = 0.01, aNO3
- = N/A  
  
-8
-7
-6
-5
-4
-3
-2
-1
0
2 3 4 5 6 7 8 9 10 11 12 13 14
lo
g
(a
 C
u
(I
I)
 s
p
e
ci
e
s)
pH
25°C 
αNO3
-
 = 0.01 
αNO3
-
 = 1 
αNO3
-
 = N/A 
4CuO(s) + 2NO3
-
 + 
4H2O ⇄ 
Cu(NO3)2.3Cu(OH)2 
+ 2OH
-
 
Three-point equilibrium at αNO3
-
 = 1 
61 
2.4 Implications for Industrial Practice 
This study was carried out to provide accurate thermodynamic data on the stability of 
precipitated copper phases that can be used to determine which of the possible copper 
precipitates may be formed in the synergistic copper process. The results of this study 
indicate that at 25°C, the copper (II) oxide and basic copper salts brochantite, 
clinoatacamite and rouaite are thermodynamically stable copper phases that can form in 
copper-containing sulphate, chloride and nitrate solutions, respectively. 
In industrial practice, the solution entering the copper precipitation stage is estimated to 
contain approximately 5g-Cu/L and 10 g-SO4
2-/L, 6 g-Cl-/L or 5 g-NO3
-/L which would 
approximately equate to aCu2+= 0.05, aSO4
2- = 0.01, aCl- = 0.1 and aNO3
- = 0.1. 
Comparing the stability of the phases, at these industrial conditions the brochantite, 
clinoatacamite and rouaite phases would be the first copper solids to precipitate from 
solution by pH adjustment. The brochantite and clinoatacamite would begin to precipitate 
at approximately pH 4 while the rouaite would begin to precipitate at approximately pH 4.5. 
These solids remain the only stable phases until the solution pH increases to at least pH 5. 
Above this pH, the copper (II) oxide may also form from the solution. This fits with the 
observation that at equilibrium only basic copper salt phases were observed below pH 5. 
Above pH 5, the solids produced in some experiments in this study contained both copper 
(II) oxide and the relevant basic copper salt at equilibrium. To reach conditions where only 
the copper (II) oxide is stable, the solution pH would have to be increased to above 
approximately pH 12-13. 
In terms of the production of a precipitated copper product most suitable for addition to a 
copper smelter or converter, the brochantite, clinoatacamite and rouaite contain 56, 60 and 
60 wt. % copper respectively whereas the copper (II) oxide contains 80 wt. % copper. It 
would follow that the higher copper grade solid would be more suitable for use as 
supplementary feed to a copper smelting process. On the other hand, the precipitation of 
the basic copper solids would require lower quantities of base or precipitation agent to be 
added than the formation of the copper (II) oxide due to the inclusion of the sulphate, 
chloride or nitrate anions. 
The ability to precipitate copper (II) oxide rather than a basic copper salt from acidic 
solutions by pH adjustment may also depend on the relative kinetics of the precipitation 
reactions.  
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It is also important to note that this study has investigated the copper precipitates that form 
in relatively simple systems, containing only aqueous species of divalent copper, sodium 
and sulphate, chloride or nitrate. In industrial practice, the aqueous solutions will be more 
complex, containing other dissolved metals as well as calcium, magnesium and 
carbonates. The precipitation process may also be carried out at temperatures other than 
25°C. These variations may result in the formation of other copper precipitates that were 
not observed in this study.  
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2.5 Summary 
The solubility literature for copper oxide and basic copper sulphate, chloride and nitrate 
salts has been reviewed and a range of experimental and analytical shortcomings were 
identified. A consistent methodology for determination of solubility by precipitation in high 
ionic strength solutions has been developed; this takes into account aqueous solution 
speciation, activity corrections and surface energy effects. Harvie’s modification of the 
Pitzer activity model was used to correct for the solution species activity coefficients for all 
known solution species where possible. The Gibbs energies of formation of brochantite, 
clinoatacamite and rouaite phases, and the solubility products for these phases at 25°C 
have been determined using this improved experimental and analysis methodology. The 
solubility results for copper oxide and the basic copper salts were presented in 
predominant species precipitation diagrams that take into account the precipitation 
reactions from the predominant solution species.  
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3 Kinetics of Copper Precipitation 
3.1 Introduction 
A key step in the synergistic copper process is the precipitation of copper product suitable 
for addition to a copper smelting operation. The results presented in Chapter 2 have 
demonstrated that at conditions relevant to the industrial process, the solid copper 
containing phases that are stable at equilibrium are copper (II) oxide and the basic copper 
salts, brochantite, clinoatacamite and rouaite. The phases formed on precipitation of 
copper from acidic solutions by pH adjustment may also depend on the reaction kinetics 
and the conditions within the precipitation reactor. Successful industrial application of the 
synergistic process will depend in part on the efficiency of the copper precipitation circuit. 
The key targets of the copper precipitation step are: 
• High copper grade product 
• High rate of copper precipitation 
• High copper recovery 
• High reagent utilisation 
• Low reagent cost 
Almost all previous laboratory-based research into the precipitation of copper by pH 
adjustment has involved the use of sodium hydroxide as the precipitation or pH adjustment 
agent. The use of this reagent has been justified by the very fast reaction rate and high 
purity of the copper product formed. In contrast, most industrial processes involve the use 
of lime or limestone for acid neutralisation and pH controlled precipitation due to the much 
lower reagent cost as shown in Table 3-1.  
Table 3-1: Typical precipitation reagent costs. (Dry & Harris 2012) (Van Tonder & 
Schutte 1997) 
Reagent 
Sodium 
Hydroxide 
Magnesia Lime Limestone 
Cost (US$/t) 540 300 100 50 
Cost (US$/kmol neutralising value) 21.6 6 2.8 2.5 
In the proposed application, the copper phase is to be added to a copper smelter. In this 
application, the presence of excess sodium in the product is undesirable due to operating 
health and safety issues and the need to avoid conditions that would influence the integrity 
of the furnace refractory lining. 
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The use of a calcium-based precipitation agent in sulphate solutions results in the 
crystallisation of gypsum. In cases where contamination of the precipitated product with 
gypsum is undesirable, the basic precipitation agent magnesium oxide can be used. The 
current research is focused on the use of limestone, lime and magnesia as precipitation 
agents due to this reagent cost factor and due to the issues of sodium in the smelting 
furnace mentioned. Further, while aqueous solutions of chloride and nitrate may be used 
for copper leaching in some cases, by far the most common lixivant is sulphuric acid. As 
such, the current research will focus on the kinetics of copper precipitation from sulphate 
solutions only. 
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3.2 Precipitation of CuO 
The phase equilibrium study described in Chapter 2 indicated that the highest copper 
grade precipitate formed at equilibrium at 25°C is the copper (II) oxide phase. A copper 
sulphate solution entering the precipitation stage may contain approximately 5g-Cu/L and 
10 g-SO4
2-/L at a moderately acidic pH (2-4), which would approximately equate to aCu2+= 
0.05 and aSO4
2- = 0.01. The effective copper solubility and relative stabilities of the basic 
copper sulphate and copper oxide solids as a function of pH at aSO4
2- = 0.01 are shown in 
Figure 3-1. This diagram shows that steady increase of the pH of this solution would result 
in precipitation of the basic copper sulphate solid above approximately pH 4. If the solution 
pH was adjusted quickly up to above pH 5, both basic copper sulphate and copper (II) 
oxide solids can precipitate out of solution. This may be achieved by introducing the 
copper sulphate solution to a well-mixed reactor maintained at a high enough pH to 
enforce conditions where both solids are stable. A reactor pH of at least six should enforce 
conditions where both solid phases precipitate.  
 
Figure 3-1: Effective solubility of copper and relative solid stability in sulphate 
solution at 25°C and sulphate activity aSO4
2-
 = 0.01. 
From an equilibrium perspective, the use of limestone, magnesia and lime should be able 
to achieve the conditions required since when mixed in excess with water at 25°C they 
produce slurries at approximately pH 10, 11 and 13 respectively. Hence, a series of semi-
batch precipitation experiments were carried to investigate the formation of the copper 
precipitates when the reaction was carried out using limestone, lime or magnesia at 
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controlled bulk reactor pH. The main aim of these experiments was to target conditions 
where at least some copper (II) oxide solid formed, as the formation of this phase would 
result in an increase in the copper content of the bulk precipitate. This range of 
precipitation reagents will also provide some information on the rate of copper 
precipitation.  
 Experimental Methods 3.2.1
The chemicals used in this study were copper sulphate pentahydrate (98.0%, Chem-
Supply), calcium carbonate (98.0% Alfa Aesar), magnesium oxide (95.4%, QMAG Emag 
45) and calcium oxide (reagent grade 98-100.5%, Alfa Aesar).  
The magnesia reagent used in this study was sourced from QMAG Limited, one of the 
largest producers of dead-burned, electro-fused and calcined magnesia in the world for the 
global industrial chemical market. This chemical was high quality but also representative of 
the magnesia reagents that would be available at an industrial precipitation operation. The 
calcium carbonate and calcium oxide reagents were sourced from a research and 
development chemical supplier, hence they were higher quality than the reagents typically 
available at an industrial site. These higher quality reagents were used due to issues 
sourcing industrial versions of the chemicals at sufficient purity. 
Secondary electron micrographs of the solid precipitation reagents used in these 
experiments are presented in Figure 3-2. 
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Figure 3-2: Secondary electron micrographs of precipitation reagent solids a) 
limestone b) magnesia c) lime. 
The particle size distributions of these precipitation reagents, shown in Figure 3-3, were 
analysed with an Accusizer 780A particle sizing system.  
a  10µm b  10µm 
c  10µm 
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Figure 3-3: Cumulative number particle size distribution of precipitation reagents 
The surface area of each precipitation reagent, shown in Table 3-2, was analysed by 
nitrogen adsorption BET using a TriStar II 3020. 
Table 3-2: Surface area of precipitation reagents 
  CaO CaCO3 MgO 
Specific Surface Area 
(m2/g) 
1.65 6.96 39.60 
The experiments were carried out in a 1L baffled glass reactor, shown in Figure 3-4, 
connected to an automatic pH measurement, control and logging system at 25°C. The 
glass reactors were 180 mm tall and 100mm in diameter with four equally-spaced, 
approximately 15 mm diameter rounded, indented baffles. The baffles ran from 15 mm 
above the base to 45 mm below the top of the reactor. The in-house built automatic pH 
control system used a WP-80D pH, mV and Temperature meter supplied by TPS with a 
Ag/AgCl intermediate junction pH probe also supplied by TPS. The automatic pH control 
system varied the flow rate of a Masterflex pump to target the set pH. The mass of solution 
fed to the reactor was automatically logged through a connected balance. The pH 
measurement was calibrated using pH 7.00 and pH 10.00 buffer solutions. 
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Figure 3-4: Glass 1 L baffled reactor used in semi-batch copper precipitation 
experiments 
 
180 mm 
120 mm 
15 mm 
15 mm 100 mm 
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An initial slurry of the precipitation reagent was prepared by combining a known mass of 
precipitation reagent with 500 mL deionised water in the 1 L baffled glass reactor to allow 
the reagent equilibrate with the water. The reactor was stirred at 1000RPM with a 4cm 
diameter, flat, double bladed impeller. A solution of copper sulphate was then prepared 
and connected to the automatic pH control pumping system. A copper solution 
concentration of approximately 4 g-Cu/L was chosen to approximately correspond with the 
typical concentration of a copper containing leach solution. Sufficient copper solution was 
prepared such that there was approximately a 1:1 copper to reagent mole ratio. Once the 
automatic pH control system was set up, the experiment was initiated by pumping the 
copper solution into the precipitation reactor. In all cases, the control system was set to 
target a slurry pH of six by dosing the acidic copper sulphate solution to the basic 
precipitation reagent slurry. This meant that the slurry approached the pH set point from 
alkaline conditions, therefore targeting the region of copper (II) oxide stability. The pump 
tubing was arranged such that the copper sulphate solution was dosed into the reactor 
directly above the impeller to achieve maximum dispersion of the copper solution into the 
reagent slurry. The experiments ran until it all of the copper solution was used or it was 
apparent from the reactor pH and controller response that all of the precipitation reagent 
had reacted. The final slurry was then weighed and filtered.  
Analysis 
In each experiment, samples were taken from the copper solution and the reagent slurry 
before the experiment began, from the reactor during the experiment and from the final 
filtrate. From clear solutions, a 1.000 mL sample was directly taken using a calibrated 
automatic pipette. From slurries, these samples were taken by removing approximately 2 
mL of the slurry and filtering through a 0.45 µm cellulose acetate syringe filter; the 1.000 
solution sample was then taken from this clear liquid.  
The solution density of the initial copper solution and the final filtrate was also calculated 
by measuring the mass of a 1.000 mL sample. The average of three density 
measurements was recorded as the solution density. 
The final slurry was filtered with a qualitative ash filter paper. The mass of both the wet 
filter cake and filtrate were recorded for mass balance purposes.  
The solids collected from the filter were dried to constant mass at room temperature in air 
and subsequently ground using a mortar and pestle. The phases present in the solid 
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samples were determined by X-ray powder diffraction (XRD) using a Bruker D8 Advance 
XRD with a Lynx Eye detector and Cu Kα radiation at 40kV and 40mA. For each 
experiment, the composition of the solid was also determined by dissolving a known mass 
of the dried solid in nitric acid and taking a 1.000 mL sample of the resulting solution.  
All of the 1.000 mL solution samples were diluted with 9.000 mL of approximately 2 wt. % 
nitric (prepared from 70 wt. % analytical grade nitric acid). The acid dilution was carried out 
to stabilise the metals in solution prior to chemical analysis. All solution samples were 
analysed for Cu, Ca, Mg and S concentrations by ICP-OES.  
 Results 3.2.2
3.2.2.1 Precipitated product composition 
The main aim of this series of experiments was to target conditions where at least some 
copper (II) oxide solid formed, as the formation of this phase would result in an increase in 
the copper content of the bulk precipitate. The bulk precipitate was analysed by XRD and 
by solid dissolution and ICP analysis. The XRD results from this series of experiments 
showed that in all cases, the only copper phase present in the final precipitated solid at a 
measurable concentration was posnjakite (CuSO4.3Cu(OH)2.H2O). Posnjakite is the 
hydrated form of the basic copper sulphate brochantite. The solid compositions 
determined by dissolution analysis also confirmed the copper to sulphate mole ratio was 
always very close to 4:1 as expected for the posnjakite solid. A summary of the 
experimental conditions and precipitate composition results is provided in Table 3-3. 
Copper (II) oxide is a dark brown to black solid phase while most basic copper sulphates 
are green-blue in colour. At no point during any of the experiments was a dark brown or 
black coloured solid phase observed. 
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Table 3-3: Experimental conditions and phases formed when precipitating copper 
from copper sulphate solution with limestone, magnesia and lime at 25°C with 
controlled bulk reactor pH 
Experiment 
Number 
Reagent 
Initial reagent  
(g in 500 mL), 
(mol/L) 
Initial [Cu] 
(g-Cu/L), 
(mol/L) 
Target 
pH  
Average 
Bulk pH 
Phases identified 
by XRD 
1 CaCO3 1.00, 0.02 4.10, 0.065 6 6-6.5 
Posnjakite 
(Cu4SO4(OH)6.H2O) 
Calcite (CaCO3) 
2 MgO 0.40, 0.02 4.10, 0.065 6 6-6.5 
Posnjakite 
(Cu4SO4(OH)6.H2O) 
Periclase (MgO) 
3 CaO 0.56, 0.02 4.10, 0.065 6 11-13 
Posnjakite 
(Cu4SO4(OH)6.H2O) 
4 CaO 0.56, 0.02 31.30, 0.49 6 11-13 
Posnjakite 
(Cu4SO4(OH)6.H2O) 
Secondary electron micrographs of the solids produced in these experiments are shown in 
Figure 3-5. In all cases, the precipitated solids formed fine 1-2 µm plate- and needle-like 
crystals. These fine crystals appear to have agglomerated into larger 5-20 µm particles.  
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Figure 3-5: Secondary electron micrographs of posnjakite solids formed at 25°C 
from addition of a copper sulphate solution to a slurry of a) limestone maintained at 
pH 6-6.5, b) magnesia maintained at pH 6-6.5, c) lime at pH 11-13, d) lime at pH 11-13 
3.2.2.2 Precipitation conditions and relative precipitation rates 
The slurry pH, reactor copper concentration and rate of copper solution addition were used 
to compare the performance of the different precipitation reagents. The copper solution 
dose was logged every second. To smooth out this data, a thirteen point moving average 
was calculated. 
1 – Precipitation with Limestone 
In experiment 1, a copper sulphate solution with 4.10 g-Cu/L was fed into a slurry of 1.00 g 
calcium carbonate in 500 mL deionised water. The continually logged slurry pH and the 
copper concentration measured during the experiment are shown in Figure 3-6.  
The limestone slurry initially reached a pH of 10.0. This initial pH was significantly higher 
than expected for a limestone solid and may have been caused by the presence of some 
lime or other free alkali. Once the experiment commenced and feeding of the copper 
solution had begun, the pH of the slurry quickly decreased and approached a pH of six. 
After approximately 12 minutes, the solution pH reached a local minimum and began to 
a  5µm b  5µm 
c  5µm d  5µm 
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increase. After approximately 16 minutes, the pH reached a local maximum and began to 
decrease very slowly over the remainder of the experiment. The concentration of copper in 
solution gradually increased over the first 10-15 minutes but eventually settled to 
approximately 250 µmol-Cu/L after 30 minutes.  
The rate of copper addition into the semi-batch precipitation reactor is shown in Figure 3-7. 
The rate of copper addition initially reached a value of 10 µmol-Cu/sec but quickly dropped 
to a minimum rate very close to zero after approximately 12 minutes. The rate of copper 
addition then increased to a local maximum of two µmol-Cu/sec after approximately 17 
minutes. The rate then slowly decreased over the remainder of the experiment.  
 
Figure 3-6: Slurry pH and copper concentration during semi-batch precipitation of 
copper from solution using limestone in experiment 1 (0.065 mol/L copper sulphate 
solution fed to a reactor containing 500 mL deionised water with 0.02 mol/L CaCO3) 
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Figure 3-7: Observed rate of copper addition during semi-batch precipitation of 
copper from solution using limestone in experiment 1 (0.065 mol/L copper sulphate 
solution fed to a reactor containing 500 mL deionised water with 0.02 mol/L CaCO3) 
2 – Precipitation with Magnesia 
In experiment 2, a copper sulphate solution with 4.10 g-Cu/L was fed into a slurry of 0.40 g 
magnesium oxide in 500 mL deionised water. The continually logged slurry pH and the 
copper concentration measured during the experiment are shown in Figure 3-8.  
The magnesia slurry initially reached a pH of 11.2. Once the experiment commenced and 
the copper solution began feeding into the reactor, the pH of the slurry quickly dropped 
and approached pH six. After approximately 10 minutes, the solution pH reached a local 
minimum and slowly began to increase. After approximately 33 minutes, the pH reached a 
local maximum of 6.21, after which it decreased very slowly for the remainder of the 
experiment. The concentration of copper in solution was measured at 500 µmol-Cu/L over 
the course of the experiment. 
The rate of copper addition into the semi-batch precipitation reactor is shown in Figure 3-9. 
The rate of copper initially reached a value of 10 µmol-Cu/sec but quickly dropped to reach 
a minimum rate very close to zero after approximately 10 minutes. The rate of copper 
addition then increased to reach a local maximum of approximately 1.3 µmol-Cu/sec after 
approximately 33 minutes. After this local maximum, the rate steadily approached zero for 
the remainder of the experiment.  
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Figure 3-8: Slurry pH and copper concentration during semi-batch precipitation of 
copper from solution using magnesia in experiment 2 (0.065 mol/L copper sulphate 
solution fed to a reactor containing 500 mL deionised water with 0.02 mol/L MgO) 
 
 
Figure 3-9: Observed rate of copper addition during semi-batch precipitation of 
copper from solution using magnesia in experiment 2 (0.065 mol/L copper sulphate 
solution fed to a reactor containing 500 mL deionised water with 0.02 mol/L MgO) 
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3 – Precipitation with Lime 
In experiment 3, a copper sulphate solution with 4.10 g-Cu/L was fed into a slurry of 0.56 g 
calcium oxide in 500 mL deionised water. The continually logged slurry pH and the copper 
concentration measured during the experiment are shown in Figure 3-10.  
The lime slurry initially reached a pH of 12.7. When the experiment commenced and the 
copper solution began feeding into the reactor, the pH of the slurry decreased very slowly. 
The rate of copper addition reached the maximum pumping rate of approximately 10 µmol-
Cu/sec and remained there while the solution pH was above 10. It appeared that the pH 
only began to approach the set point of pH 6 once the majority of the lime had reacted. 
When the slurry pH dropped below 10, the copper concentration increased to between 140 
and 200 µmol-Cu/L.  
The rate of copper addition into the semi-batch precipitation reactor is shown in Figure 
3-11. The concentration of copper in solution remained below 100 µmol-Cu/L while the 
bulk reactor pH was above 10. 
 
Figure 3-10: Slurry pH and copper concentration during semi-batch precipitation of 
copper from solution using lime in experiment 3 (0.065 mol/L copper sulphate 
solution fed to a reactor containing 500 mL deionised water with 0.02 mol/L CaO) 
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Figure 3-11: Observed rate of copper addition during semi-batch precipitation of 
copper from solution using lime in experiment 3 (0.065 mol/L copper sulphate 
solution fed to a reactor containing 500 mL deionised water with 0.02 mol/L CaO) 
4 – Precipitation with Lime 
The rate of precipitation of copper with lime in experiment 3 was limited by the maximum 
pumping rate of copper achievable by the automatic pH control system. In an attempt to 
overcome this limitation, the experiment was repeated using a more concentrated copper 
solution. In this experiment, a copper sulphate solution with 31.30 g-Cu/L was fed into a 
slurry of 0.56 g calcium oxide in 500 mL deionised water. The continually logged slurry pH 
and the copper concentration measured during the first experiment are shown in Figure 
3-12.  
Despite the higher copper solution concentration, the experimental results were 
approximately the same as in experiment 3 using a copper sulphate solution containing 
4.10 g-Cu/L. The lime slurry initially reached a pH of 12.7. When the experiment 
commenced and the copper solution began feeding into the reactor, the pH of the slurry 
decreased very slowly. Once again, it appeared that the pH only began to approach the 
set point of pH 6 once the majority of the lime had reacted. The concentration of copper in 
solution at the end of the experiment was approximately 400 µmol-Cu/L.  
The rate of copper addition into the semi-batch precipitation reactor is shown in Figure 
3-13. The rate of copper addition again reached maximum pumping rate (75 µmol-Cu/sec 
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for the 31.4 g-Cu/L solution) and remained at this value while the solution pH was above 
10. 
 
Figure 3-12: Slurry pH and copper concentration during semi-batch precipitation of 
copper from solution using lime in experiment 4 (0.49 mol/L copper sulphate 
solution fed to a reactor containing 500 mL deionised water with 0.02 mol/L CaO) 
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Figure 3-13: Observed rate of copper addition during semi-batch precipitation of 
copper from solution using lime in experiment 4 (0.49 mol/L copper sulphate 
solution fed to a reactor containing 500 mL deionised water with 0.02 mol/L CaO) 
 Discussion 3.2.3
The main aim of these experiments was to target conditions where at least some copper 
(II) oxide solid formed, as the formation of this phase would result in an increase in the 
copper content of the bulk precipitate. The solid compositions indicated by XRD, and those 
calculated from solid dissolution and ICP-OES analysis showed that no copper (II) oxide 
was present in the final copper precipitate in any case. The basic copper sulphate, 
posnjakite, was the only copper phase produced. This phase formed despite the 
precipitation occurring at a bulk slurry pH as high as 12. There was no indication, either 
visually or from XRD, that copper oxide formed at any of the conditions tested. 
A diagram of the effective copper solubility in sulphate solution and relative stabilities of 
the basic copper sulphate and copper (II) oxide solids as a function of pH at aSO4
2- = 0.01 
are shown in in Figure 3-14. The operating conditions of the four semi-batch precipitation 
reactors are indicated on this diagram (estimated from measured copper concentration 
and slurry pH). In the limestone and magnesia experiments (Experiments 1 and 2), the 
operating conditions were close to both of the lines of equilibrium between copper in 
solution and the copper oxide. These experiments were also operating within the stability 
region for both solid phases. The two lime experiments (Experiments 3 and 4) were 
operating at a much higher pH where the copper oxide (II) solid was stable but the basic 
copper sulphate phase should not have been stable at equilibrium. 
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Figure 3-14: Effective solubility of copper and relative solid stability in sulphate 
solution at 25°C and sulphate activity aSO4
2-
 = 0.01 
The first conclusion that can be drawn from these results is that the precipitation of basic 
copper sulphate is much faster than the precipitation of copper (II) oxide. This results in 
the formation of only the basic copper sulphate even at conditions where the copper oxide 
can also form. In the case of the two lime experiments, the basic copper sulphate 
precipitated and approached its solid-solution equilibrium while the copper (II) oxide solid 
remained supersaturated. This result also shows that conversion of the basic copper 
sulphate to copper (II) oxide is slow.  
The precipitation of a basic copper sulphate phase in a region where tenorite (copper (II) 
oxide) should be the predominant phase has been observed previously. Marani (1992) 
noted the presence of brochantite solids in aged samples under conditions where 
thermodynamic modelling predicted the predominance of the tenorite. He suggested that 
the energy barrier for nucleation of tenorite, which forms very fine, high surface area 
needle-like structures, was significant enough to hinder the conversion of basic sulphate to 
oxide (Marani 1992). If this is the case, the same reasoning may be applied to the current 
experiments. That is, despite operating at conditions where the copper oxide phase should 
be stable, only the basic copper sulphate forms, as the copper oxide is difficult to nucleate. 
This suggests that operating a precipitation reactor at conditions where the copper (II) 
oxide may form, with copper (II) oxide seed present, may allow the copper to directly 
precipitate from solution as copper oxide.  
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These results provide an indication of the mechanism of copper precipitation from solution. 
The observation that the copper precipitates out of solution in association with sulphate far 
quicker than it precipitates as a copper (II) oxide suggests that the sulphate ion or possibly 
the neutral copper sulphate aqueous ion play an important role in the precipitation 
mechanism. Copper in solution has a high affinity for the sulphate ion in solution as 
evidenced by the effect of sulphate on the activity of the Cu2+ ion shown in Chapter 2 in 
Figure 2-4, i.e. the presence of sulphate decreases the activity of Cu2+ due to shielding or 
association effects. 
In terms of the copper precipitation process, these results indicate that the direct 
precipitation of a copper oxide solid from an acidic copper sulphate solution would be 
difficult to carry out in practice.  
The pH controlled precipitation experiments also give an indication of the relative 
precipitation rates achievable using various precipitation reagents. The precipitation of 
copper with lime was so fast that the pH set point could not be achieved due to the 
maximum flowrate of the pump and controller. Copper precipitation with limestone (Figure 
3-7) and magnesia (Figure 3-9) were much slower than with lime (Figure 3-11 and Figure 
3-13). The precipitation with limestone (Figure 3-7) was slightly faster than magnesia 
(Figure 3-9) based on the rate of copper addition required to maintain a pH close to six. 
The precipitation experiment using limestone showed an interesting trend over the initial 
period of the semi-batch reaction. The copper concentration in the reactor steadily 
increased for the first 10-15 minutes while the solution pH approached the set point of six 
and the pump controller slowed the copper feed rate to approach zero. After approximately 
12 minutes, the solution pH reached a minimum and began to increase which caused the 
pump controller to increase the copper feed rate. These observations indicate that very 
little copper precipitated from solution over this initial period of the experiment. 
A similar pH and copper feed rate response was observed in the precipitation experiment 
with magnesia however insufficient solution copper concentration measurements were 
taken to confirm that copper was accumulating in solution over this initial period. The lime 
experiments, on the other hand, showed no sign of any accumulation of copper in solution 
over any period of the experiment. 
This initial delay in the precipitation of copper from solution in the limestone and magnesia 
experiments may be caused by initially slow nucleation of basic copper sulphate. 
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Nucleation is often a supersaturation driven process. From the chemical supersaturation 
point of view, the difference in equilibrium pH for each reagent induces a different level of 
supersaturation of the copper precipitate. The three different precipitation reagents 
equilibrated with water at different pH values (pH 10.0 for limestone, pH 11.2 for magnesia 
and pH 12.7 for lime). Noting pH is a log scale, this equilibrium pH trend fits with the 
observed delay in the copper precipitation, as copper nucleation in the limestone and 
magnesia experiments was delayed for approximately 12 and 10 minutes respectively 
while there was no measurable delay in nucleation of copper during the lime experiments.  
Once sufficient copper had nucleated, the copper precipitation reaction transitioned to a 
growth stage. After this point it is not obvious what caused the differences in precipitation 
rates and whether the reagent dissolution or the copper precipitation reaction was limiting 
the overall rate of precipitation. 
Considering supersaturation, the difference between the bulk and the reagent equilibrium 
pH induces different levels of either undersaturation of the reagent or supersaturation of 
the copper precipitate during the experiment. This undersaturation of reagent or 
supersaturation of copper would then drive the precipitation reaction at the observed rate. 
It would again follow that precipitation with magnesia would be faster than with limestone 
as the magnesia equilibrates at a higher pH. The observed rate of copper precipitation 
after the initially delayed period was, however, slower when magnesia was used as the 
precipitation reagent.  
An alternative to a supersaturation controlled reaction is that a diffusion step on either the 
dissolution or the precipitation side of the reaction sequence limits the observed 
precipitation rate. In analogous systems, the formation of the solid magnesia hydration 
product brucite, Mg(OH)2, has been observed to limit the rate of base metal precipitation 
with magnesia as it forms a high density passivation layer on the surface of the reagent 
particles (Hourn 2012). In the present experiments however, XRD analysis results showed 
no sign of the brucite phase as a possible cause of the limited reaction rate with magnesia. 
Further, the surface area of the magnesia reagent available (15.84 m2) was more than 
twice the surface area of the limestone reagent available (6.96 m2) in the respective 
precipitation experiments. This indicates that diffusion on the reagent dissolution side of 
the reaction sequence was not causing the difference in precipitation rate. Given that the 
same copper precipitation reaction occurred in all experiments, there would not be any 
difference in the precipitation rate with different precipitation reagents if diffusion to the 
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surface of the copper precipitate were limiting the rate. If the copper precipitation reaction 
was occurring at or near the surface of the precipitation reagent then diffusion of reacting 
species to the surface of the reagent may have caused the difference in precipitation rates. 
However, again the relatively high surface area of the magnesia refutes this argument. 
This indicates that the difference in observed precipitation rate of copper with limestone 
and with magnesia was not related to a mass transfer controlled process during the 
reaction.  
A final explanation for the observed copper precipitation rates is that some chemical 
process other than the supersaturation of copper or undersaturation of the reagent was 
controlling the precipitation rate. Given that the different precipitation reagents were 
observed to cause copper to precipitate at different rates, the controlling chemical process 
must involve the reagent dissolution reaction rather than the copper precipitation reaction.  
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3.3 Batch Precipitation of Copper with Limestone 
The results of Section 3.2 indicate that direct precipitation of copper (II) oxide from a 
copper sulphate solution would be difficult to carry out in practice. The most likely 
precipitation product is the basic copper sulphate brochantite or its hydrated form 
posnjakite. The precipitation of a basic copper salt does not require a strongly basic, and 
more expensive, precipitation reagent to maintain a high pH. Therefore, the focus of the 
research in the following section is on the precipitation of copper from sulphate solutions 
using limestone as the precipitation reagent. 
 Reaction Environment 3.3.1
The discussion of the results of Section 3.2 also showed that the factors that control the 
rate of copper precipitation from solution with limestone are not obvious. The precipitation 
of copper from a sulphate solution with limestone involves three processes: 
• Dissolution of limestone 
• Precipitation of copper 
• Crystallisation of gypsum 
The dissolution of limestone and the crystallisation of gypsum have both been studied 
extensively, however, there are very few studies that investigate these reactions in the 
context of the precipitation of copper with limestone.  
Limestone Dissolution 
Introducing limestone to an aqueous solution can results in dissolution of the solid, forming 
calcium and carbonate ions (Equation 3-1). 
 ⇄ + + 
,  Equation 3-1  
If dissolution of the solid occurs, the carbonate ion is formed. The carbonate ion can then 
go on to react with protons forming the bicarbonate ion and carbonic acid or carbon 
dioxide as shown in Equation 3-2. This speciation is related to the solution pH as shown in 
Figure 3-15. Carbonic acid (H2CO3) forms under the same conditions as aqueous carbon 
dioxide (below approximately pH 6.3), however, it is approximately one thousand times 
less stable in solution than the dissolved gas, hence this species does not appear in the 
speciation diagram. This speciation calculation shows that under equilibrium conditions at 
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25°C, below a pH of approximately 6.3 the predominant carbonate species in solution 
should be dissolved carbon dioxide, between approximately pH 6.3 and 10.3 the 
predominant carbonate species should be the bicarbonate ion while above pH 10.3 the 
carbonate ion is predominant. 
+ + 
, 	⇄ + +
, ⇄ H +  ⇄ H Equation 3-2  
 
 
Figure 3-15: Proportional carbonate speciation in the H2O-CO3
2- system at 25°C. 
(HSC 2011) 
Alternatively, the limestone solid may directly react with aqueous solution components as 
shown in Equation 3-3 to Equation 3-7. It is not clear whether the carbon dioxide produced 
in some reactions remains dissolved in solution or leaves the aqueous solution as a gas.  
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 +  ⇄ + + / + ,  Equation 3-3  
 + + ⇄ + + / + ,  Equation 3-4  
 + + ⇄ + + / +   Equation 3-5  
 +  ⇄ + +
, + ,  Equation 3-6  
 + + ⇄ + +
,  Equation 3-7  
The dissolution kinetics of limestone in copper-free systems are influenced by hydrogen 
ion activity, carbon dioxide partial pressure, calcium carbonate under-saturation, 
hydrodynamic conditions and temperature (Plummer et al. 1978).  
Van Tonder and Schutte (1997) provided a summary of previously reported models for the 
dissolution of limestone in sulphate containing systems at ambient temperatures. In 
general, a first order relationship between the hydrogen activity and the limestone 
dissolution rate was reported with the rate fitting a shrinking sphere model between about 
pH 2 to 6. The partial pressure of carbon dioxide was also reported to have an effect on 
the rate of dissolution over this pH range (Van Tonder & Schutte 1997).  
Barton and Vatanatham (1976) concluded that the driving force of the dissolution reaction 
in this pH range was the difference between the bulk solution pH and the pH of solution at 
the surface of the limestone particles (assumed to be the same as the pH of limestone in 
equilibrium with water) (Barton & Vatanatham 1976). 
Van Tonder and Schutte (1997) carried out a study on the effects of metal cations on the 
rate of limestone dissolution. They noted that over the pH range at which the respective 
metals ions precipitate, the limestone dissolution rate increased for ferric ions while it 
significantly decreased for aluminium ions. The decrease in rate was attributed to the 
formation of a passive surface layer on the limestone particles. They stated that this 
occurred during the slow aluminium precipitation but did not occur during the ferric 
precipitation, as the precipitation of the ferric was quicker than the precipitation of the 
aluminium. This meant that the ferric precipitation was occurring in the bulk solution, 
before the metal ions could diffuse to the limestone surface. On the other hand, they 
believed the much slower aluminium precipitation allowed the metal ions to diffuse to the 
limestone surface before reacting, forming the inhibitory product layer (Van Tonder & 
Schutte 1997). This raises an interesting point about precipitation of metals with solids – if 
the precipitation rate is fast enough that the reaction is diffusion controlled, the solid 
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precipitation reagent is less likely to become passivated which will allow the reaction to 
continue quickly. If the precipitation reaction is slow or not diffusion limited, the 
precipitation reagent is more likely to become passivated and slow the reaction rate 
further. This may also be related to the properties of the metal hydroxide precipitate 
formed. 
On this same topic, Terjesen et al (1961) found that copper in solution could inhibit the 
dissolution of limestone. They suggested that the copper adsorbs to the surface of the 
limestone, increasing the surface concentration of the carbonate ions which in turn 
increases the rate of the reverse reaction (Terjesen et al. 1961). 
Gypsum Crystallisation 
The calcium ion has a low solubility in sulphate solutions as it readily forms a hydrated 
calcium sulphate precipitate known as gypsum. Gypsum formation is an important factor in 
scaling and fouling in many industrial processes. Mullin (2001) showed that nucleation of 
gypsum is exceptionally slow below a supersaturation ratio of 4 (Mullin 2001). 
Liu et al (1970) found that when sulphate is in excess to calcium in solution, the rate of 
precipitation is greater than when the ionic concentrations are equal or when calcium is in 
excess. They proposed that the crystallisation is surface controlled and as such, the 
variation in rate when ionic concentrations differ could be attributed to the surface 
adsorption of calcium ions being much stronger than for sulphate ions, meaning a higher 
sulphate concentration would have a much greater effect on the rate by increasing its 
adsorption rate proportionally. They suggested that for a given supersaturation the 
presence of excess sulphate ions would therefore favour crystal growth over nucleation 
(Liu & Nancollas 1970). 
Seewoo et al (2004), investigating the effect of seeding on gypsum growth and particle 
morphology, found that at low gypsum seed concentrations, the time required for gypsum 
precipitation to reach equilibrium was three times greater when precipitating with needle 
morphology, with its lower specific surface area, than when precipitating with platelet 
morphology. This effect became insignificant above a seed concentration of 4% by volume 
suggesting that above this concentration the total surface area available was high enough 
not to be rate limiting.  
Gill and Nancollas (1979) investigated the rate of gypsum growth on gypsum and calcite 
seed particles. They found that with calcite seed particles a significant induction time of 90 
90 
minutes was required while with gypsum seed particles, no induction time was needed. 
Conversely, the rate of growth was almost four times faster on calcite (23.22*104 
L2/mol/min/mg-seed) than on gypsum (6.53*104 L2/mol/min/mg-seed). They also found that 
the specific surface area of the gypsum product formed on calcite (1.45 m2/g) was more 
than four times greater than the specific surface area of gypsum (0.35 m2/g) formed on 
gypsum seeds. The specific surface area of gypsum seed and product did not change 
appreciably (Gill & Nancollas 1979).  
Copper Precipitation 
Copper, the final component of the system, may precipitate out of the copper sulphate 
solution as a hydroxide, oxide, carbonate or basic sulphate or carbonate salt. Section 3.2 
showed that the most likely copper precipitate in a carbonate free system is the basic 
copper sulphate brochantite (CuSO4.3Cu(OH)2) or its hydrated form posnjakite 
(CuSO4.3Cu(OH)2.H2O). Perel’man (1968) concluded that upon contact of a copper 
containing solution with a natural carbonate, a basic copper carbonate solid forms 
(Perel'man 1968). However, Zhizhaev et al. (2007) noted that even in situations where the 
final copper solid was a basic copper carbonate, the formation of this carbonate phase 
was secondary to the formation of the basic copper sulphate (Zhizhaev et al. 2007). 
The extent of carbonate precipitation will be related to the amount and speciation of the 
carbonate ion in solution. Knowledge of the stability of the relevant metal carbonate 
phases allows the construction of a metal carbonate precipitation diagram – see Figure 
3-16. The diagram describes the carbonate activity at a particular pH, which can then be 
used to estimate the maximum metal ion activity (limited by the formation of a metal 
carbonate phase) in the solution. This diagram indicates that in equilibrium with one 
atmosphere air at 400 ppm CO2, the first equilibrium carbonate phase to precipitate out of 
an acidic aqueous solution as pH is increased will be the basic copper carbonate 
malachite. At an aCu2+= 0.05, malachite will begin to precipitate at pH 5. The results of 
Capter 2 showed that at this Cu2+ activity brochantite should begin to form between pH 4-
4.5 depending on the sulphate activity. This diagram considers only the Cu2+ ion. As 
shown in Chapter 2, above approximately pH 7.4, the predominant copper solution species 
will be CuO(a) while above approximately pH 10.4 the predominant copper solution 
species will be Cu(OH)3
-. 
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Figure 3-16: Carbonate precipitation diagram in equilibrium with atmospheric air at 
25°C, PCO2(g) = 0.0004 atmospheres. (Jackson 1986), (HSC 2011) 
Zhizhaev et al. (2007) studied copper precipitation from sulphate solutions with calcium 
carbonate in the context of removal of copper from dilute (<1 g-Cu/L) wastewater solutions 
at room temperature. The limestone used in their study was reported as either limestone, 
marbled limestone or dolomite. The particle size of the reagent was not reported except in 
one case where the particle size of the marbled limestone reagent was stated as 100% 
passing 0.16 mm. They concluded the following reaction scheme: 
• The carbonate ion hydrolyses (implying the reaction shown in Equation 3-3 or 
Equation 3-6) in a solution layer close to the calcium carbonate surface, which 
causes copper hydroxide to precipitate. The formation of the copper hydroxide is 
fast.  
• The copper hydroxide then further reacts with excess copper sulphate in solution. 
The sulphate replaces some hydroxide groups of the intermediate disordered layers 
so that each sulphate layer is situated between two hydroxide layers. This results in 
the formation of the basic copper sulphate brochantite. 
Zhizhaev et al. (2007) suggested that posnjakite may form when the formation of the 
precipitate is slow through inclusion of water between the copper hydroxide layers. They 
also suggested that calcium may be introduced into the precipitate when the local sulphate 
concentration is low or there is a high gypsum concentration in the reaction zone. They 
suggested that the inclusion of calcium and possible formation of the cupric-calcium basic 
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sulphate devilline (CaSO4.CuSO4.3Cu(OH)2.3H2O) occurs when a layer of Ca
2+ is 
introduced into the precipitate via changed intermediate layers of sulphate (Zhizhaev et al. 
2007).  
The reaction scheme proposed by Zhizhaev et al. (2007) appears to be feasible, however 
there was no justification or reasoning provided. For example, the conclusion that the 
copper hydrolysis and precipitation occurs near the surface of the limestone was not 
supported by any evidence. As noted previously, Van Tonder and Schutte (1997) showed 
that the rate of ferric precipitation with limestone was fast and occurred in the bulk solution 
while the rate of aluminium precipitation with limestone was slower and occurred near the 
surface of the limestone (Van Tonder & Schutte 1997). The results of the Section 3.2 
showed that the rate of copper precipitation is relatively fast compared to the dissolution of 
limestone, which may suggest that the copper precipitation would occur in the bulk solution 
as was reported in the case of ferric precipitation. 
In any case, it is clear that the mechanisms of copper precipitation with limestone are 
poorly understood. From the previous discussion, the factors expected to affect the overall 
rate of copper removal from solution when precipitated with limestone include: 
• Solute concentration and solid seeding  
• Surface area and passivation  
• Temperature  
• Mass transfer 
A better understanding of how these factors affect the precipitation rate of copper when 
reacted with limestone will improve the understanding of the mechanisms of copper 
precipitation, which will in turn assist in the design and operation of a copper precipitation 
circuit using this reagent.  
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 Experimental Methods 3.3.2
The chemicals used in this study were copper sulphate pentahydrate (98.0%, Chem-
Supply), calcium carbonate (98.0% Alfa Aesar), calcium sulphate dihydrate (98.0%, Chem-
Supply) and anhydrous sodium sulphate (Chem-Supply, 99.0%). 
The batch experiment method involved addition of a copper sulphate solution to a slurry of 
the limestone precipitation reagent. Firstly, 800 mL of an initial copper sulphate solution 
was prepared. Separately to the copper solution, the required mass of limestone was 
added to a 1L stirred and baffled reactor and mixed with 200 mL of an aqueous solution for 
20 minutes. A 64 mm diameter Lightnin A3 high efficiency axial flow impeller was used to 
mix the 1L baffled reactor. The 1L baffled glass reactors used for this experimental method 
were the same glass reactors as used and described in Section 3.2. 
Once the precipitation reagent and 200 mL of water had been mixed for 20 minutes, the 
800 mL copper sulphate solution was poured into the reactor. Complete addition of the 
copper sulphate solution to the limestone slurry was considered to be the start of 
experiment (time = 0).  
To monitor the kinetics of the reactions, solution samples were taken throughout the 
experiment by removing and filtering approximately 2 mL of the slurry with a 0.2 um nylon 
syringe filter. Calibrated automatic pipettes were used to take 1.000 mL of the syringe-
filtered solution and dilute with 9.000 mL of an approximately 2 wt. % nitric acid solution. 
The nitric acid was used to stabilise the dissolved components of the solution sample. The 
pH of the initial solutions and of the reactor at the time of each kinetic sample was 
measured and recorded using a TPS meter and pH probe calibrated at pH 4.00 and pH 
7.00.  
These batch experiments were run for two hours. Upon completion of the test, the final 
slurry was vacuum filtered and then dried at 60°C until constant mass was obtained. The 
filtered and dried solid was homogenised and a representative sample of approximately 
1.0 g was measured and dissolved in 100 mL of an approximately 5 wt. % nitric acid 
solution for compositional analysis. All solution samples were analysed for Cu, Ca and S 
concentration by ICP-OES. The initial concentration of these elements in each test was 
calculated by mass balance.  
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The eight key variables selected for examination were: 
1. Stirring rate (400, 600, 800, 1000 RPM) 
2. Temperature (25, 40, 50°C)  
3. Gypsum seeding 
4. Batch precipitated product seeding  
5. Calcium sulphate saturation solutions (calcium sulphate saturated vs deionised 
water) 
6. Sulphate concentration in the initial solution (copper sulphate and calcium sulphate 
saturated vs extra sodium sulphate vs deionised water) 
7. Initial copper solution concentration (79, 59, 39 and 20 mmol-Cu/L i.e. 5.00, 3.75, 
2.50 and 1.25 g-Cu/L) (Cu:CaCO3 mole ratio of 1:1) 
8. Limestone addition ratio (Cu:CaCO3 mole ratio 1:1.5, 1.25, 1, 0.75, 0.50) (at 5 g-
Cu/L) 
Most experiments were carried out at room temperature 25°C ± 2°C with an initial copper 
sulphate solution concentration of 5 g-Cu/L, using calcium sulphate saturated water to 
prepare the copper solution and limestone slurry, and an impeller stirring rate of 600 RPM. 
This calcium sulphate saturated solution was prepared by equilibrating de-ionised MilliQ 
filtered water with gypsum solids and then filtering the slurry with a 0.2 micron nylon 
membrane filter. The reagent was added at a mole ratio of 1:1 copper to limestone. This 
means that the limestone was in 33% stoichiometric excess of that required to precipitate 
all of the copper as brochantite, according to the stoichiometry shown in Equation 3-8.  
 + 
+ +	
, +  → + +  + 
. 
 
 Equation 3-8 
The exceptions to these baseline conditions are noted below. 
For experiments at different impeller stirring speeds, the only variation in experimental 
method was the impeller stirring rate.  
De-ionised MilliQ filtered water was used for experiments without gypsum saturation in the 
initial solution.  
For the experiments carried out above room temperature, both the copper and limestone 
solutions were initially heated to the required temperature before the experiment began. In 
95 
these cases, the temperature was measured by a glass thermometer and maintained by 
manual hotplate control.  
For the experiment with extra sulphate in the initial solution, sodium sulphate was added to 
increase the sulphate concentration in the copper sulphate solution tenfold. 
For the seeded experiments, the seed was added in equivalent mass to the limestone 
addition. The seed particles were mixed in with the limestone slurry approximately one 
minute prior to the beginning of the experiment. The batch experiment product seed 
particles were taken from the baseline precipitation experiment and the solids contained 
BCS, gypsum and some unreacted limestone. Calcium sulphate dihydrate (98.0%, Chem-
Supply) was used for as the gypsum seed.  
For the experiments at different initial copper concentrations, the initial copper 
concentration in the copper sulphate solution was decreased while the ratio of copper to 
limestone addition was maintained at a 1:1 mole ratio. 
For the experiments at different limestone addition ratios, the initial copper concentration 
was maintained at 5 g-Cu/L while the mass of limestone added to the reactor was varied to 
achieve the desired Cu:CaCO3 ratio. 
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 Results 3.3.3
The experimental results of these batch experiments precipitating copper with limestone 
provide some interesting insights into the factors that affect the precipitation kinetics. To 
efficiently communicate the findings, the experimental results are systematically described, 
beginning with the final product composition, followed by presentation of the baseline 
experimental result and the effect of the various conditions tested. Further analysis of 
these experimental results is then undertaken to identify the mechanisms and limiting 
steps of the reactions. 
3.3.3.1 Product Composition 
The composition of the copper precipitate formed in the batch precipitation experiments 
varied slightly depending on the reactor conditions. X-ray powder diffraction analysis on 
the final precipitation products showed that under most conditions, the majority of the 
copper was present as the basic copper sulphate brochantite (CuSO4.3Cu(OH)2) and its 
hydrated form posnjakite (CuSO4.3Cu(OH)2.H2O) with a small amount of the cupric-
calcium basic sulphates orthoserpierite (CaSO4.CuSO4.3Cu(OH)2.H2O) or devilline 
(CaSO4.CuSO4.3Cu(OH)2.3H2O). Gypsum (CaSO4.2H2O) and calcite (CaCO3) were also 
present in almost all precipitate products. 
There was no difference in the phase composition determined by XRD when precipitated 
at different hydrodynamic conditions. When insufficient limestone was present to 
precipitate all of the copper, no cupric-calcium basic sulphates were formed. When a 
significant excess of limestone was employed or when extra sulphate was present in the 
solution, an increase in the prevalence of the cupric-calcium basic sulphates was 
observed. When gypsum was seeded, no traces of cupric-calcium basic sulphates were 
found. When the precipitate was seeded with the product of a baseline batch precipitation 
experiment (containing brochantite, posnjakite, gypsum and calcite along with a small 
amount of orthoserpierite and devillite) a significant amount of the copper precipitated as 
devillite. Finally, at temperatures above 25°C, no cupric-calcium basic sulphates were 
present but a small amount of malachite (CuCO3.Cu(OH)2) was detected. 
The relative proportions of the solid phases produced from batch experiments at the 
various conditions are provided in Table 3-4. This solid phase distribution was calculated 
using the measured copper, calcium and sulphur concentrations and assuming that all 
copper in the solid was the basic copper sulphate brochantite, all sulphur in the solid was 
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either in the basic copper sulphate or gypsum and all calcium in the solid was gypsum or 
limestone. This means that the water in the posnjakite precipitate was included in the 
composition distribution calculation as “associated moisture”. 
Table 3-4: Solid phase distribution of the batch precipitation products 
 
Brochantite  
(wt.%) 
Gypsum  
(wt.%) 
Limestone  
(wt.%) 
Associated 
Moisture (wt.%) 
400 RPM 33% 41% 2% 23% 
Baseline conditions 
600 RPM, 78.7 mMol-Cu/L 
Calcium sulphate saturated 
initial solutions 
No Seed, Cu:CaCO3 1:1, 25°C 
51% 36% 6% 8% 
800 RPM 46% 34% 12% 8% 
1000 RPM 44% 36% 11% 10% 
DI Water Initial Solution 54% 26% 14% 6% 
Gypsum Seeded 34% 48% 10% 9% 
Product Seeded 43% 34% 6% 17% 
Initial solution 59.0 mMol-Cu/L 
Cu:CaCO3 1:1 
44% 32% 5% 18% 
Initial solution 39.3 mMol-Cu/L 
Cu:CaCO3 1:1 
52% 25% 7% 16% 
Initial solution 19.7 mMol-Cu/L  
Cu:CaCO3 1:1 
67% 0% 10% 23% 
Extra Sulphate Initial Solution * 33% 53% 0% 9% 
Cu:CaCO3 1:0.5 47% 39% 0% 14% 
Cu:CaCO3 1:0.75 60% 34% 0% 6% 
Cu:CaCO3 1:1.25 50% 29% 7% 13% 
Cu:CaCO3 1:1.5 56% 21% 13% 10% 
40°C 57% 30% 8% 6% 
50°C 49% 33% 7% 10% 
*This solid product also contained approximately 4 wt. % sodium sulphate 
The precipitates varied between 33-67 wt. % brochantite, 0-48 wt. % gypsum, 0-14 wt. % 
unreacted limestone and 6-23 wt. % associated moisture. This solid phase distribution was 
then used to calculate the elemental composition of the solid products produced from 
batch experiments at the various conditions. These results are provided in Table 3-5. 
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Table 3-5: Final element, carbonate, hydroxide and hydrate composition of the batch 
precipitation products 
 
Cu 
(wt.%) 
Ca 
(wt.%) 
S 
(wt.%) 
CO3
2-
  
(wt.%)% 
OH
-
 and H2O 
(wt.%) 
400 RPM 19% 10% 10% 1% 59% 
Baseline conditions 
600 RPM, 78.7 mMol-Cu/L 
Calcium sulphate saturated  
initial solutions 
No Seed, Cu:CaCO3 1:1, 25°C 
28% 11% 10% 3% 47% 
800 RPM 26% 13% 10% 7% 45% 
1000 RPM 25% 13% 10% 6% 47% 
DI Water Initial Solution 30% 12% 9% 8% 41% 
Gypsum Seeded 19% 15% 11% 6% 49% 
Product Seeded 24% 10% 9% 4% 52% 
Initial solution 59.0 mMol-Cu/L 
Cu:CaCO3 1:1 
25% 10% 9% 3% 53% 
Initial solution 39.3 mMol-Cu/L 
Cu:CaCO3 1:1 
29% 9% 8% 4% 50% 
Initial solution 19.7 mMol-Cu/L  
Cu:CaCO3 1:1 
38% 4% 5% 6% 48% 
Extra Sulphate Initial Solution * 18% 12% 12% 0% 57% 
Cu:CaCO3 1:0.5 26% 9% 11% 0% 54% 
Cu:CaCO3 1:0.75 33% 8% 11% 0% 48% 
Cu:CaCO3 1:1.25 28% 10% 9% 4% 49% 
Cu:CaCO3 1:1.5 31% 10% 8% 8% 43% 
40°C 32% 10% 10% 5% 44% 
50°C 28% 11% 10% 4% 48% 
* This solid product also contained approximately 1 wt. % sodium 
The precipitates varied between 19-38 wt. % copper, 4-15 wt. % calcium, 5-11 wt. % 
sulphur, 0-8 wt. % carbonate and 43-59 wt. % hydroxide and water.  
The highest copper grade precipitate (38 wt. % Cu) was produced by the experiment with 
very low initial copper concentration (1.25 g-Cu/L). This product was such high grade 
because there was no significant contamination with gypsum. 
The next highest copper grade product (33 wt. % Cu) was achieved at the conditions 
where the mole ratio of limestone to copper was 1:0.75. This mole ratio of copper to 
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limestone mean sufficient limestone was present to precipitate all of the copper as 
brochantite (CuSO4.3Cu(OH)2) with no stoichiometric excess. At these experimental 
conditions, >97% of the copper was recovered with no limestone remaining in the product 
after two hours. As the limestone was not added in stoichiometric excess, gypsum 
contamination of the solid product (34%) was also minimised.  
A secondary electron micrograph of the precipitate produced under the baseline batch 
conditions is shown in Figure 3-17. This image shows that the gypsum formed long (10-20 
µm) needle-like crystals while the basic copper sulphate formed much smaller (1-2 µm) 
plate- and needle-like crystals. The basic copper sulphate crystals appear to be either 
formed from a single nucleus or agglomerated together forming a larger 20 µm particle. As 
noted in Chapter 1, the difference in particle size between the gypsum and the basic 
copper sulphate precipitates may be employed to effect a size separation and therefore 
upgrade the precipitated product. No limestone was visible in the sample despite the 
precipitate containing approximately 6 wt. % unreacted limestone. It is important to note 
that these solids were filtered, oven dried and then vacuum dried prior to imaging, which 
may have caused some of the agglomeration effects. 
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Figure 3-17: Secondary electron micrograph of precipitated copper product 
produced at the baseline batch precipitation conditions. 1L baffled batch reactor, 2 
hr residence time, 600 RPM, 25°C, 800 mL 5 g-Cu/L copper sulphate solution added 
to 200 mL 35.5 g-CaCO3/L (Cu:Limestone molar ratio 1:1), calcium sulphate 
saturated solutions. 
A secondary electron micrograph of the limestone used in this study is shown in Figure 
3-18. The limestone was composed of fine crystalline particles less than approximately 1 
micron that had agglomerated together to form larger particles up to 10 micron. Comparing 
this Figure with Figure 3-17, there does not appear to be any limestone particles clearly 
present in the precipitated product even though approximately 6% of the solid mass was 
unreacted limestone. The remaining limestone particles may be located within the large 
agglomerate of the basic copper sulphate precipitated. 
10 µm 
Brochantite/ 
Posnjakite 
Gypsum 
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Figure 3-18: Secondary electron micrograph of limestone precipitation reagent 
  
10 µm 
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3.3.3.2 Baseline Batch Kinetic Experiment 
The variation in solution ion concentration and pH for the baseline conditions in this series 
of experiments are presented in Figure 3-19. The pH of the initial copper solution (pH 4.3) 
is indicated at time zero. The initial concentrations of copper, calcium and sulphur were 
calculated by undertaking an elemental balance of the initial copper sulphate and the 
limestone slurry solutions.  
On addition of the copper sulphate solution to the limestone slurry, the concentrations of 
copper and sulphate decreased while the calcium concentration increased. The pH of 
solution increased progressively over the whole reaction period while the copper 
concentration in solution decreased with increasing reaction time. Ninety five percent of 
the copper was removed from solution within approximately 60 minutes. Both the rate of 
decrease in copper and the rate of increase in calcium concentrations in solution appear to 
increase over the first 5 minutes of reaction time and reach a maximum between 5 and 10 
minutes. After 30 minutes, calcium in solution reached its maximum concentration of 
approximately 45 mmol/L while the sulphate concentration in solution was approximately 
55 mmol/L. After this point, the calcium concentration began to decrease while the rate of 
decrease of sulphate increased. This decrease in calcium and sulphate concentration is 
attributed to the crystallisation of gypsum as evident from the presence of this solid phase 
in the final reactor product. 
No evolution of gas was observed over the course of this or any of the batch precipitation 
experiments. This suggests that the majority of the carbonate remained in solution, which 
would result in a total carbonate species concentration of approximately 0.07 mol/L. 
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Figure 3-19: Baseline batch precipitation of copper with limestone experimental 
results. 1L baffled batch reactor, 2 hr residence time, 600 RPM, 25°C, 800 mL 5 g-
Cu/L (79 mmol-Cu/L) copper sulphate solution added to 200 mL 35.5 g-CaCO3/L 
(Cu:Limestone molar ratio 1:1), calcium sulphate saturated solutions. 
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Figure 3-20 shows the rate of copper precipitation over time. This rate of copper 
precipitation was calculated as the change in measured copper concentration divided per 
minute over each time period sampled. These copper precipitation rate data points are 
plotted at the average of the time period they are calculated over. The rate of copper 
precipitation initially increases up to a time of approximately 10 minutes before decreasing 
as the reaction proceeded.  
 
Figure 3-20: Rate of copper precipitation over time under baseline batch 
experimental conditions. 1L baffled batch reactor, 2 hr residence time, 600 RPM, 
25°C, 800 mL 5 g-Cu/L (79 mmol-Cu/L) copper sulphate solution added to 200 mL 
35.5 g-CaCO3/L (Cu:Limestone molar ratio 1:1), calcium sulphate saturated 
solutions. 
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The rate of copper precipitation showed interesting trends when compared with the 
solution proton activity and copper concentrations. After the initial reaction period (5-10 
minutes), there appeared to be a linear correlation between the solution proton activity and 
the rate of copper precipitation as shown in Figure 3-21. It is interesting to note that the 
rate of copper precipitation is faster at higher proton activity (i.e. lower hydroxide activity) 
after the initial period. 
 
Figure 3-21: Correlation between the rate of copper precipitation and the activity of 
proton in solution under baseline batch experimental conditions. 1L baffled batch 
reactor, 2 hr residence time, 600 RPM, 25°C, 800 mL 5 g-Cu/L (79 mmol-Cu/L) copper 
sulphate solution added to 200 mL 35.5 g-CaCO3/L (Cu:Limestone molar ratio 1:1), 
calcium sulphate saturated solutions. 
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There was no obvious correlation between the rate of copper precipitation and the activtity 
of hydroxide ions in solution, as shown in Figure 3-22.  
 
Figure 3-22: Correlation between the rate of copper precipitation and the activity of 
hydroxide ions in solution under baseline batch experimental conditions. 1L baffled 
batch reactor, 2 hr residence time, 600 RPM, 25°C, 800 mL 5 g-Cu/L (79 mmol-Cu/L) 
copper sulphate solution added to 200 mL 35.5 g-CaCO3/L (Cu:Limestone molar 
ratio 1:1), calcium sulphate saturated solutions. 
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The rate of copper precipitation was also approximately proportional to the concentration 
of copper in solution after the initial reaction period, as shown in Figure 3-23.  
 
Figure 3-23: Correlation between the rate of copper precipitation and the 
concentration of copper in solution under baseline batch experimental conditions. 
1L baffled batch reactor, 2 hr residence time, 600 RPM, 25°C, 800 mL 5 g-Cu/L (79 
mmol-Cu/L) copper sulphate solution added to 200 mL 35.5 g-CaCO3/L 
(Cu:Limestone molar ratio 1:1), calcium sulphate saturated solutions. 
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Reproducibility 
The reproducibility of this series of batch precipitation experiments was verified by 
repeating select experiments. Figure 3-24 shows results from the three experiments 
carried out at the baseline conditions. These three set of results at the same experimental 
conditions show good reproducibility of copper precipitation pH over time. The only notable 
variation in copper concentration between the three repeated experiments was in the first 
5 minutes however all three repeated experiments showed the same trend. 
 
Figure 3-24: Reproducibility of the batch precipitation of copper with limestone 
experiments under baseline batch experimental conditions. 1L baffled batch reactor, 
2 hr residence time, 600 RPM, 25°C, 800 mL 5 g-Cu/L (79 mmol-Cu/L) copper 
sulphate solution added to 200 mL 35.5 g-CaCO3/L (Cu:Limestone molar ratio 1:1), 
calcium sulphate saturated solutions. 
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3.3.3.3 Effect of Process Variables 
Hydrodynamic Conditions 
The effect of varying hydrodynamic conditions within the reactor was tested by changing 
the impeller stirring rate within the batch reactor. The baseline experiments were carried 
out at 600 RPM. Three other experiments were carried out using a reactor stirring rate of 
400, 800 and 1000 RPM.  
The Reynolds number of a stirred vessel defines the degree of laminar or turbulent mixing 
within the vessel. When the Reynolds number is greater than 10,000, the vessel is 
operating under turbulent mixing conditions. The Reynolds number in a stirred vessel is 
calculated as shown in Equation 3-9. 
JK  LGM

N
 Equation 3-9 
Where ρ is the solution density, N is the rotational speed of the impeller, D is the diameter 
of the agitator and µ is the viscosity of the solution. Assuming the solution density and 
viscosity was similar to that of water at 25°C (1000kg/m3 and 8.94*10-3 kg/(s.m)) the 
Reynolds number of the experiments carried out at varying impeller speeds are calculated 
in Table 3-6. 
Table 3-6: Reactor hydrodynamic conditions 
Impeller rotational speed (RPM) Reynolds Number 
400 30,500 
600 45,800 
800 61,100 
1000 76,300 
At these impeller speeds, all experiments were always well within the zone of turbulent 
mixing. 
The four different stirring rates tested followed the same trend for the first 20 minutes. After 
the first 20 minutes, the solution pH and the copper concentrations in the slower stirred 
experiments (400 and 600 RPM) significantly deviated from the experiments at faster 
stirring rate (800 and 1000 RPM). These results are shown in Figure 3-25. 
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Figure 3-25: Effect of hydrodynamic conditions on the precipitation of copper and 
the slurry pH over time during batch precipitation of copper with limestone. 1L 
baffled batch reactor, 2 hr residence time, 400, 600, 800 or 1000 RPM, 25°C, 800 mL 5 
g-Cu/L (79 mmol-Cu/L) copper sulphate solution added to 200 mL 35.5 g-CaCO3/L 
(Cu:Limestone molar ratio 1:1), calcium sulphate saturated solutions. 
  
2
3
4
5
6
7
8
0
10
20
30
40
50
60
70
80
0 20 40 60 80 100 120
S
lu
rr
y
 p
H
C
o
p
p
e
r 
in
 S
o
lu
ti
o
n
 (
m
m
o
l/
L)
Time (minutes)
Cu 400 RPM Cu 600 RPM
Cu 800 RPM Cu 1000 RPM
pH 400 RPM pH 600 RPM
pH 800 RPM pH 1000 RPM
111 
These differences are also evident in the rates of copper precipitation over time as shown 
in Figure 3-26. All experiments had similar initial and peak copper precipitation rates. After 
the precipitation rate peak, the two experiments stirred at higher rates continued to 
precipitate copper at a high rate while the other two experiments slowed substantially. The 
relative rates of precipitation then switched after 30 minutes as the majority of the copper 
had already precipitated from solution in the high stirring rate experiments. 
 
Figure 3-26: Comparison of the rate of copper precipitation over time at varying 
reactor hydrodynamic conditions. 1L baffled batch reactor, 2 hr residence time, 400, 
600, 800 or 1000 RPM, 25°C, 800 mL 5 g-Cu/L (79 mmol-Cu/L) copper sulphate 
solution added to 200 mL 35.5 g-CaCO3/L (Cu:Limestone molar ratio 1:1), calcium 
sulphate saturated solutions. 
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The experiments at varying reactor hydrodynamic conditions showed a relatively linear 
trend between the rate of copper precipitating and the proton concentration as shown in 
Figure 3-27. All experiments followed a linear trend however the rates of the two high 
stirring rate experiments (800 and 1000 RPM) were higher than those of the two low rate 
stirring experiments (400 and 600 RPM). In this figure the rate of copper precipitation data 
points over the initial period of the reaction have been removed to more clearly show the 
trends after the initially slow copper precipitation stage.  
 
Figure 3-27: Correlation between the rate of copper precipitation and the activity of 
proton in solution at varying reactor hydrodynamic conditions. 1L baffled batch 
reactor, 2 hr residence time, 400, 600, 800 or 1000 RPM, 25°C, 800 mL 5 g-Cu/L (79 
mmol-Cu/L) copper sulphate solution added to 200 mL 35.5 g-CaCO3/L 
(Cu:Limestone molar ratio 1:1), calcium sulphate saturated solutions. 
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When the reactor hydrodynamics were varied, the rate of copper precipitation was 
increased by increasingly turbulent conditions the same copper concentration. The rate of 
precipitation was still somewhat proportional to the copper concentration but did not have 
a clear linear correlation as seen in the baseline experiment. In this figure the rate of 
copper precipitation data points over the initial period of the reaction have been removed 
to more clearly show the trends after the initially slow copper precipitation stage. 
 
Figure 3-28: Correlation between the rate of copper precipitation and the 
concentration of copper in solution at varying reactor hydrodynamic conditions. 1L 
baffled batch reactor, 2 hr residence time, 400, 600, 800 or 1000 RPM, 25°C, 800 mL 5 
g-Cu/L (79 mmol-Cu/L) copper sulphate solution added to 200 mL 35.5 g-CaCO3/L 
(Cu:Limestone molar ratio 1:1), calcium sulphate saturated solutions. 
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Looking closer at the final stages of the batch precipitation experiments, the rate of copper 
precipitation remained proportional to the stirring rate at the same copper concentration.  
 
Figure 3-29: Correlation between the rate of copper precipitation and the 
concentration of copper in solution at varying reactor hydrodynamic conditions – 
low copper concentrations. 1L baffled batch reactor, 2 hr residence time, 400, 600, 
800 or 1000 RPM, 25°C, 800 mL 5 g-Cu/L (79 mmol-Cu/L) copper sulphate solution 
added to 200 mL 35.5 g-CaCO3/L (Cu:Limestone molar ratio 1:1), calcium sulphate 
saturated solutions. 
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Temperature 
The reaction temperature was found to have a very significant effect on the rate of copper 
precipitation as shown in Figure 3-30. At room temperature, >95% recovery of copper to 
the solid was achieved after 60 minutes. Increasing the temperature of the experiment 
from 25°C to 40°C resulted, >95% recovery to solid was achieved within 10 minutes while 
at 50°C this was achieved within 5 minutes.  
 
Figure 3-30: Effect of temperature on the precipitation of copper and the slurry pH 
over time during batch precipitation of copper with limestone. 1L baffled batch 
reactor, 2 hr residence time, 600 RPM, 25, 40 or 50°C, 800 mL 5 g-Cu/L (79 mmol-
Cu/L) copper sulphate solution added to 200 mL 35.5 g-CaCO3/L (Cu:Limestone 
molar ratio 1:1), calcium sulphate saturated solutions. 
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Seeding 
The effect of seeding the copper precipitation and gypsum crystallisation reactions was 
investigated by the addition of either gypsum or batch experiment product particles. These 
experimental results are shown in Figure 3-31 and Figure 3-32. The presence of the batch 
product seed particles resulted in high rates of copper precipitation from the beginning of 
the experiment. 
The presence of gypsum seed particles resulted in an increased initial copper precipitation 
rate compared to the baseline experiment with no seeding. After approximately 5 minutes, 
both seeded experiments continued to precipitate copper at very similar rates.  
 
Figure 3-31: Effect of seeding on the precipitation of copper and the solution pH 
over time during batch precipitation of copper with limestone. 1L baffled batch 
reactor, 2 hr residence time, 600 RPM, 25°C, 800 mL 5 g-Cu/L (79 mmol-Cu/L) copper 
sulphate solution added to 200 mL 35.5 g-CaCO3/L (Cu:Limestone molar ratio 1:1), 
calcium sulphate saturated solutions. 
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Figure 3-32: Comparison of the rate of copper precipitation over time at different 
seeding conditions. 1L baffled batch reactor, 2 hr residence time, 600 RPM, 25°C, 
800 mL 5 g-Cu/L copper (79 mmol-Cu/L) sulphate solution added to 200 mL 35.5 g-
CaCO3/L (Cu:Limestone molar ratio 1:1), calcium sulphate saturated solutions. 
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The experiments at different seeding conditions showed similar correlations between the 
rate of copper precipitation and the proton activity for the majority of the experiments. The 
experiment carried out with batch product seeding had a higher copper precipitation rate at 
high proton activity. The limestone present in the batch product seed may have caused 
some increase in the copper precipitation rate. In this figure the rate of copper precipitation 
data points over the initial period of the reaction have been removed to more clearly show 
the trends after the initially slow copper precipitation stage. 
 
Figure 3-33: Correlation between the rate of copper precipitation and the activity of 
proton in solution at different seeding conditions. 1L baffled batch reactor, 2 hr 
residence time, 600 RPM, 25°C, 800 mL 5 g-Cu/L (79 mmol-Cu/L) copper sulphate 
solution added to 200 mL 35.5 g-CaCO3/L (Cu:Limestone molar ratio 1:1), calcium 
sulphate saturated solutions. 
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The experiments with seeding both showed very similar relationships between copper 
concentration and the rate of copper precipitation as shown in Figure 3-34. When no seed 
was present, the rate of copper precipitation was notably lower at the same copper 
concentration at copper concentrations above approximately 20 mmol/L. In this figure the 
rate of copper precipitation data points over the initial period of the reaction have been 
removed to more clearly show the trends after the initially slow copper precipitation stage. 
 
Figure 3-34: Correlation between the rate of copper precipitation and the 
concentration of copper in solution at different seeding conditions. 1L baffled batch 
reactor, 2 hr residence time, 600 RPM, 25°C, 800 mL 5 g-Cu/L (79 mmol-Cu/L) copper 
sulphate solution added to 200 mL 35.5 g-CaCO3/L (Cu:Limestone molar ratio 1:1), 
calcium sulphate saturated solutions. 
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Calcium and Sulphate Concentrations 
The effect of calcium and sulphate concentrations on the kinetics of copper precipitation 
was investigated by comparing the baseline experiment (carried out with calcium sulphate 
saturated solutions) with experiments carried out with an initial solution of de-ionised water 
and with an initial solution containing extra sulphate in the form of sodium sulphate. The 
extra sulphate experiment was prepared such that the initial sulphate concentration was 
approximately 10 times greater than in the baseline experiment. These experimental 
results are compared in Figure 3-35 and Figure 3-36. 
Removal of gypsum saturation from the initial solution, through the use of de-ionised 
water, had a slight effect on the rate of copper precipitation. In this experiment, the rate of 
copper precipitation was very similar to the baseline conditions until approximately the 30-
minute mark. After approximately 30 minutes, the rate of copper precipitation was notably 
slower than at baseline conditions. The solution pH was also slightly lower between 30 and 
80 minutes, then substantially higher from 80 minutes onwards when compared with the 
baseline experimental conditions. 
The presence of extra sulphate in the batch precipitation experiment caused initially slower 
addition of calcium to and precipitation of copper from solution. Then, between 10 and 30 
minutes, significantly more copper precipitated than in the baseline experiment such that 
after 30 minutes the copper recovery in the high sulphate experiment had caught up to the 
baseline conditions. The solution pH in the high sulphate experiment was also significantly 
higher in the initial stages and from about 30 minutes onwards when compared with the 
baseline experiment. 
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Figure 3-35: Effect of calcium and sulphate in solution on the precipitation of copper 
and the slurry pH over time during batch precipitation of copper with limestone. 1L 
baffled batch reactor, 2 hr residence time, 600 RPM, 25°C, 800 mL 5 g-Cu/L (79 
mmol-Cu/L) copper sulphate solution added to 200 mL 35.5 g-CaCO3/L 
(Cu:Limestone molar ratio 1:1). 
 
Figure 3-36: Comparison of the rate of copper precipitation over time with different 
calcium and sulphate solution conditions. 1L baffled batch reactor, 2 hr residence 
time, 600 RPM, 25°C, 800 mL 5 g-Cu/L (79 mmol-Cu/L) copper sulphate solution 
added to 200 mL 35.5 g-CaCO3/L (Cu:Limestone molar ratio 1:1). 
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The calcium and sulphate concentrations in the initial solution also had an effect on the 
concentration of calcium in solution (Figure 3-37). Over the first 20 minutes of the 
experiment, the calcium concentration increased steadily in both the baseline (gypsum 
saturated) and de-ionised water experiments. With extra sulphate in the solution, the 
calcium concentration in solution increased at a slower rate over this period. The calcium 
concentration then peaked at 30 minutes and quickly decreased in both the baseline 
(gypsum saturated) and the extra sulphate experiments. The calcium concentration in the 
experiment in pure water did not peak until 50 minutes had passed, after which it slowly 
decreased. The rate of calcium removal from solution was fastest in the experiment with 
high sulphate concentration, followed by the experiment in gypsum saturated solution and 
then the experiment in pure water.  
 
Figure 3-37: Comparison of calcium concentration over time with different calcium 
and sulphate solution conditions. 1L baffled batch reactor, 2 hr residence time, 600 
RPM, 25°C, 800 mL 5 g-Cu/L (79 mmol-Cu/L) copper sulphate solution added to 200 
mL 35.5 g-CaCO3/L (Cu:Limestone molar ratio 1:1). 
  
0
10
20
30
40
50
0 20 40 60 80 100 120
C
a
lc
iu
m
 i
n
 S
o
lu
ti
o
n
 (
m
m
o
l/
L)
Time (minutes)
Calcium Sulphate Saturated
Water
High Sulphate
123 
The experiments in pure water and with gypsum saturated solutions both showed the 
same linear correlation between rate of copper precipitation and proton activity. The 
experiment with a high sulphate concentration followed the same slope at a higher rate of 
copper precipitation. In this figure the rate of copper precipitation data points over the initial 
period of the reaction have been removed to more clearly show the trends after the initially 
slow copper precipitation stage. 
 
Figure 3-38: Correlation between the rate of copper precipitation and the activity of 
proton in solution when carried out with different calcium and sulphate solution 
conditions. 1L baffled batch reactor, 2 hr residence time, 600 RPM, 25°C, 800 mL 5 
g-Cu/L (79 mmol-Cu/L) copper sulphate solution added to 200 mL 35.5 g-CaCO3/L 
(Cu:Limestone molar ratio 1:1). 
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The experiments with different calcium and sulphate solution conditions all showed a 
similar relationship between the rate of copper precipitation and the concentration of 
copper in solution. In this figure the rate of copper precipitation data points over the initial 
period of the reaction have been removed to more clearly show the trends after the initially 
slow copper precipitation stage. 
 
Figure 3-39: Correlation between the rate of copper precipitation and the 
concentration of copper in solution when carried out with different calcium and 
sulphate solution conditions. 1L baffled batch reactor, 2 hr residence time, 600 
RPM, 25°C, 800 mL 5 g-Cu/L (79 mmol-Cu/L) copper sulphate solution added to 200 
mL 35.5 g-CaCO3/L (Cu:Limestone molar ratio 1:1). 
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Limestone Addition 
The effect of the limestone reagent surface area was investigated by carrying out 
experiments with different masses of limestone initially added to the batch precipitation 
reactor. These experimental results are shown in Figure 3-40 and Figure 3-41. Increasing 
the limestone addition ratios caused copper to precipitate faster. When insufficient 
limestone was present, the removal of copper was correspondingly decreased.  
Variation in limestone addition ratio did not appear to alter the initial period of low copper 
precipitation rate. The experiment with a copper to limestone ratio of 1:0.75, which 
represents the stoichiometrically required limestone addition to precipitate all copper as 
brochantite, achieved >95% recovery of copper within 100 minutes. At 1:1 Cu:CaCO3, 
>95% recovery was achieved within 60 minutes. At both 1:1.25 and 1:1.5 Cu:CaCO3, 
>95% recovery was achieved within 40 minutes. 
 
Figure 3-40: Effect of varying limestone addition molar ratio on the precipitation of 
copper and the slurry pH over time during batch precipitation of copper with 
limestone. 1L baffled batch reactor, 2 hr residence time, 600 RPM, 25°C, 800 mL 5 g-
Cu/L (79 mmol-Cu/L) copper sulphate solution added to 200 mL limestone slurry 
(Cu:Limestone molar ratio 1:0.5, 1:0.75, 1:1, 1:1.25 or 1:1.5), calcium sulphate 
saturated solutions. 
  
2
3
4
5
6
7
8
0
10
20
30
40
50
60
70
80
0 20 40 60 80 100 120
S
lu
rr
y
 p
H
C
o
p
p
e
r 
in
 S
o
lu
ti
o
n
 (
m
m
o
l/
L)
Time (minutes)
Cu 1:0.5 Cu 1:0.75 Cu 1:1
Cu 1:1.25 Cu 1:1.5 pH 1:0.5
pH 1:0.75 pH1:1 pH 1:1.25
pH 1:1.5
126 
The rate of copper precipitation for the experiments with 1:0.5, 1:0.75 and 1:1 copper to 
limestone ratios, shown in Figure 3-41, followed very similar trends with time for the 
majority of each experiment. The experiments with higher limestone addition both had 
higher peak precipitation rates and continued to precipitate at a high rate for the first 20 
minutes of reaction. The precipitation rate then slowed substantially after the majority of 
the copper had been removed from solution. 
 
Figure 3-41: Comparison of the rate of copper precipitation over time at limestone 
addition molar ratios. 1L baffled batch reactor, 2 hr residence time, 600 RPM, 25°C, 
800 mL 5 g-Cu/L (79 mmol-Cu/L) copper sulphate solution added to 200 mL 
limestone slurry (Cu:Limestone molar ratio 1:0.5, 1:0.75, 1:1, 1:1.25 or 1:1.5), 
calcium sulphate saturated solutions. 
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The experiments at varying limestone addition ratios all showed similar linear relationships 
between the rate of copper precipitation and the proton activity except in the case where 
insufficient limestone was present as shown in Figure 3-42. There was no obvious 
relationship between the limestone ratio and the rate of precipitation with proton activity. In 
this figure the rate of copper precipitation data points over the initial period of the reaction 
have been removed to more clearly show the trends after the initially slow copper 
precipitation stage. 
 
Figure 3-42: Correlation between the rate of copper precipitation and the activity of 
proton in solution at different limestone addition molar ratios. 1L baffled batch 
reactor, 2 hr residence time, 600 RPM, 25°C, 800 mL 5 g-Cu/L (79 mmol-Cu/L) copper 
sulphate solution added to 200 mL limestone slurry (Cu:Limestone molar ratio 1:0.5, 
1:0.75, 1:1, 1:1.25 or 1:1.5), calcium sulphate saturated solutions. 
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There was an obvious relationship between the rate of copper precipitation and the copper 
concentration at varying limestone addition ratios. The higher limestone addition caused a 
higher precipitation rate at the same copper concentration. The experiments at a copper to 
limestone ratio of 1:1 or less also showed very similar linear trend with copper 
concentration over the course of the experiment. At higher limestone ratios, the rate vs 
copper concentration showed a similar slope at the beginning of the experiment however 
at low copper concentrations the rate dropped off significantly. In this figure the rate of 
copper precipitation data points over the initial period of the reaction have been removed 
to more clearly show the trends after the initially slow copper precipitation stage. 
 
Figure 3-43: Correlation between the rate of copper precipitation and the 
concentration of copper in solution at different limestone addition molar ratios. 1L 
baffled batch reactor, 2 hr residence time, 600 RPM, 25°C, 800 mL 5 g-Cu/L (79 
mmol-Cu/L) copper sulphate solution added to 200 mL limestone slurry 
(Cu:Limestone molar ratio 1:0.5, 1:0.75, 1:1, 1:1.25 or 1:1.5), calcium sulphate 
saturated solutions. 
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Looking more closely at the final stages of the batch precipitation experiments (Figure 
3-44), it is apparent that at low copper concentrations the rate of copper precipitation was 
independent of the limestone addition ratio. 
 
Figure 3-44: Correlation between the rate of copper precipitation and the 
concentration of copper in solution at different limestone addition molar ratios – low 
copper concentrations. 1L baffled batch reactor, 2 hr residence time, 600 RPM, 25°C, 
800 mL 5 g-Cu/L (79 mmol-Cu/L) copper sulphate solution added to 200 mL 
limestone slurry (Cu:Limestone molar ratio 1:0.5, 1:0.75, 1:1, 1:1.25 or 1:1.5), 
calcium sulphate saturated solutions. 
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Initial Copper Concentration 
The effect of the copper concentration was investigated by carrying out experiments with 
lower initial concentration of copper in solution at a Cu:CaCO3 mole ratio of 1:1. The 
limestone addition was therefore in 33% excess to that required for brochantite 
precipitation in all experiments. These experimental results are shown in Figure 3-45 and 
Figure 3-46. Decreasing the initial concentration of copper in the batch experiments lead to 
relatively slower removal of copper from solution. At the lower initial copper concentrations 
the initial period of low copper precipitation rate was somewhat removed.  
 
Figure 3-45: Effect of different initial copper concentration on the precipitation of 
copper and the slurry pH over time during batch precipitation of copper with 
limestone. 1L baffled batch reactor, 2 hr residence time, 600 RPM, 25°C, 800 mL 
copper sulphate solution (20, 39, 59 or 79 mmol-Cu/L) added to 200 mL 35.5 g-
CaCO3/L (Cu:Limestone molar ratio 1:1), calcium sulphate saturated solutions. 
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The rate of copper precipitation in the experiments with varying initial copper concentration 
all followed very similar patterns with time. The peak copper precipitation rate was 
proportional to the initial copper concentration and the rate then followed a similar decay 
pattern except in the baseline experiment where the peak rate seemed to be limited. 
 
Figure 3-46: Comparison of the rate of copper precipitation over time at different 
initial copper concentrations. 1L baffled batch reactor, 2 hr residence time, 600 
RPM, 25°C, 800 mL copper sulphate solution (20, 39, 59 or 79 mmol-Cu/L) added to 
200 mL 35.5 g-CaCO3/L (Cu:Limestone molar ratio 1:1), calcium sulphate saturated 
solutions. 
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The experiments at different initial copper concentration all showed a similar linear 
relationship between the copper precipitation rate and the proton activity (Figure 3-47) as 
well as between the rate of copper precipitation and the copper concentration in solution 
(Figure 3-48). In these figures the rate of copper precipitation data points over the initial 
period of the reaction have been removed to more clearly show the trends after the initially 
slow copper precipitation stage. 
 
Figure 3-47: Correlation between the rate of copper precipitation and the activity of 
proton in solution at different initial copper concentrations. 1L baffled batch reactor, 
2 hr residence time, 600 RPM, 25°C, 800 mL copper sulphate solution (20, 39, 59 or 
79 mmol-Cu/L) added to 200 mL 35.5 g-CaCO3/L (Cu:Limestone molar ratio 1:1), 
calcium sulphate saturated solutions. 
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Figure 3-48: Correlation between the rate of copper precipitation and the 
concentration of copper in solution at different initial copper concentrations. 1L 
baffled batch reactor, 2 hr residence time, 600 RPM, 25°C, 800 mL copper sulphate 
solution (20, 39, 59 or 79 mmol-Cu/L) added to 200 mL 35.5 g-CaCO3/L 
(Cu:Limestone molar ratio 1:1), calcium sulphate saturated solutions. 
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 Discussion 3.3.4
The precipitation of a copper product from aqueous sulphate solutions using limestone as 
the precipitating agent presents a complex heterogeneous reaction system involving: 
• Dissolution of limestone 
• Precipitation of copper 
• Crystallisation of gypsum 
These processes take place simultaneously, resulting in a range of elementary process 
steps including mass transport of reactant species as well as chemical reactions. 
In Section 3.3.1, the chemical species present in aqueous solution and potential chemical 
reactions taking place were discussed and are repeated here in Equation 3-10 to Equation 
3-15. 
 ⇄ + + 
,  Equation 3-10  
 +  ⇄ + + / + ,  Equation 3-11  
 + + ⇄ + + / + ,  Equation 3-12  
 + + ⇄ + + / +   Equation 3-13  
 +  ⇄ + +
, + ,  Equation 3-14  
 + + ⇄ + +
,  Equation 3-15  
Limestone may dissolve forming calcium and carbonate ions (Equation 3-10). Limestone 
may react with water to form calcium and hydroxide ions as well as carbon dioxide 
(Equation 3-11) or the bicarbonate ion (Equation 3-14). Limestone may react with protons 
to form calcium and hydroxide ions and carbon dioxide (Equation 3-12), calcium ions, 
water and carbon dioxide (Equation 3-13) or calcium and bicarbonate ions (Equation 
3-15). 
Literature studies on the dissolution of limestone noted that the rate of limestone 
dissolution is generally proportional to the activity of protons in solution between a pH of 
approximately 2-6 (Van Tonder & Schutte 1997). Assuming this is an elementary reaction, 
this relationship would imply that the limestone dissolution reaction is of the form given in 
Equation 3-12, Equation 3-15 or possibly Equation 3-13. A range of researchers also 
indicated that hydrodynamic conditions affect the rate of limestone dissolution (Plummer et 
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al. 1978). Barton and Vatanatham (1976) concluded that the driving force of the dissolution 
reaction in this pH range was the difference between the bulk solution pH and the pH of 
solution at the surface of the limestone particles (assumed the same as the pH of 
limestone in equilibrium with water) (Barton & Vatanatham 1976). This dependence on the 
hydrodynamic conditions indicates that the mechanism is dependent on mass transfer of 
species. It is important to note that a mass transfer limit also implies that there is a 
boundary layer surrounding the limestone particles with a concentration gradient of the 
reacting species. As stated by Barton and Vatanatham (1976), if mass transfer of protons 
is limiting the dissolution, the proton concentration gradient within the boundary layer will 
be between the bulk solution pH at the outer limit of the boundary layer and the pH of 
limestone in equilibrium with water at the surface of the limestone particles (if the proton 
reacts directly with the surface of the limestone).  
Zhizhaev et al. (2007) concluded that the carbonate hydrolyses in the solution surrounding 
the calcium carbonate solid. This implies that the limestone initially dissolves to form 
carbonate ions (Equation 3-10) and then reacts with water to form hydroxide ions 
(Equation 3-11) or hydroxide and bicarbonate ions (Equation 3-14). This conclusion is 
notably different from the generally accepted mechanism of limestone dissolution through 
reaction with protons (Van Tonder & Schutte 1997). It also seems that Zhizhaev et al 
(2007) are suggesting that the reaction of water with carbonate occurs within the boundary 
layer of the limestone particles, which implies a concentration gradient of carbonate ions 
within this boundary layer. As the carbonate ion is not stable at the pH of the bulk solution, 
this also implies that a pH gradient also exists in the boundary layer. 
The generation of hydroxides via the limestone dissolution reaction given in Equation 3-12, 
as proposed by Van Tonder & Schutte (1997), or via Equation 3-11 and Equation 3-14 as 
concluded by Zhizhaev et al. (2007) indicates that the precipitation of copper then 
proceeds through a mechanism described by the overall reaction given in Equation 3-16.  

+ + 
, + E,  
. 
  Equation 3-16 
The addition of calcium ions to the sulphate solution from the limestone dissolution 
reaction also results in the crystallisation of gypsum, described by the reaction given in 
Equation 3-17. 
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+ + 
, +  → .   Equation 3-17  
A schematic diagram describing these reaction steps and their relationships to the ions 
present in the aqueous solution, based on the conclusions of previous research, is shown 
in Figure 3-49. 
 
Figure 3-49: Schematic diagram illustrating the key reaction steps and species 
active in the precipitation of copper with limestone based on the conclusions of 
previous research. (Van Tonder & Schutte 1997), (Zhizhaev et al. 2007) 
3.3.4.1 Baseline Batch Kinetic Experiment 
pH 
Looking at the results of the batch precipitation of copper with limestone at baseline 
conditions reveals a number of features of the reaction system. It can be seen from the 
data shown in Figure 3-19 that the pH of the slurry was always significantly lower than the 
equilibrium pH expected when excess limestone is present in water. Excess limestone 
reagent equilibrates with water at approximately pH 10 while the majority of the batch 
precipitation experiment occurred between pH 4-7. If the reagent dissolution reaction were 
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occurring at a faster rate than the precipitation of copper, the slurry pH would remain very 
close to the equilibrium pH of the reagent with water. This would occur because the 
dissolution reaction would quickly add hydroxide or carbonate to the solution, maintaining 
a high pH, while the copper precipitation would slowly remove hydroxide from solution, 
slowly driving the pH lower as was seen in during reaction of lime with copper in Section 
3.1. This low bulk solution pH shows that overall rate of limestone dissolution is slower 
than the rate of copper precipitation. 
The Role of Cu2+ 
The second key point that emerges from the results of the batch precipitation of copper 
with limestone at baseline conditions is that at all points during the experiment, there were 
more copper ions than protons present in the aqueous solution. At baseline conditions, the 
lowest pH measured (4.7) was in the first 5 minutes of the reaction (Figure 3-19). This pH 
value indicates an activity of protons of approximately 3.2*10-5. Assuming the activity of 
protons was approximately equal to the concentration, this would equate to a maximum 
proton concentration of approximately 0.032 mmol. At the same reaction time, the 
concentration of copper in solution was approximately 70 mmol. After 100 minutes of 
reaction time, the slurry had increased to pH 6, which equates to 0.001 mmol of protons 
while approximately 0.35 mmol of copper remained in solution. This indicates a minimum 
concentration ratio of approximately 350 (Cu species:H+ in solution). Even considering the 
mobility difference between these two ions (diffusion coefficient of H+ is only approximately 
15 times greater than the diffusion coefficient of Cu2+ (Lee & Rasaiah 2011), (Hinatsu & 
Foulkes 1989)), the copper appears to be the dominant solution component. 
There was also a strong correlation observed between the concentration of copper in 
solution and the rate of copper precipitation (Figure 3-23). This suggests that the copper, 
rather than the proton, may have been the principal species involved in the limestone 
dissolution reaction. That is, the dominant chemical reaction step in limestone dissolution 
may be that given by Equation 3-18 rather than the reactions shown previously in Equation 
3-10 to Equation 3-15. 
 + 
+ ⇄ + + 
 + /  Equation 3-18  
Provided mass transfer of species is limiting the rate of the reaction, the formation of 
CuO(a) from the limestone dissolution reaction is consistent with the predominant copper 
species at the pH expected at the surface of the limestone particles, as shown by the 
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results presented in Chapter 2. This CuO(a) species may then go on to react and form the 
basic copper sulphate solid (Equation 3-19) or diffuse out of the boundary layer and 
undergo hydrolysis reactions reverting to the predominant Cu2+ species and resulting in 
changes to the bulk pH (Equation 3-20 or Equation 3-21). 

 + 
, +   
. 
 + ,  Equation 3-19 

 +   
+ + ,  Equation 3-20 

 + +  
+ +  Equation 3-21 
The strong linear correlation between the solution copper concentration and the rate of 
copper precipitation observed in the experimental results also indicates that the rate of the 
copper precipitation, and therefore limestone dissolution, may be first order with respect to 
the concentration of copper in solution. If this is the case, a plot of ln([Cu0]/[Cu]) should 
give a linear relationship with time.  
This plot (Figure 3-50) does show a linear relationship with time, confirming that the rate of 
copper precipitation was first order with respect to copper concentration, although as noted 
in presenting Figure 3-21, Figure 3-34 and Figure 3-29, there appears to be three linear 
time zones. The different time zones indicate that other factors may also affect the rate of 
copper precipitation within these zones. The relationship was initially linear with time 
between 0 and approximately 10 minutes. Then between approximately 30 and 60 
minutes, the slope of the linear relationship increased. From approximately 80 minutes 
onwards, the slope of the linear relationship decreased to a less steep relationship than 
the initial 0-10 minutes. This same trend of three distinct linear time zones in the 
ln([Cu0]/[Cut]) plot was apparent at all room temperature experimental conditions tested. 
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Figure 3-50: Plot of ln([Cu0]/[Cut]) against time at under baseline batch experimental 
conditions. 1L baffled batch reactor, 600RPM, 800 mL 5g-Cu/L (79 mmol-Cu/L) 
copper sulphate solution added to 200 mL 35.5 g-CaCO3/L slurry (Cu:Limestone 
molar ratio of 1:1), calcium sulphate saturated solutions. 
A correlation between the solution proton activity and the rate of copper precipitation was 
also observed in some experiments however, the relationship between the copper 
concentration and rate of copper precipitation relationship showed a much stronger 
correlation over a wider range of experiments. 
Gypsum Formation 
At the same time as the limestone dissolution and copper precipitation, the process of 
gypsum formation also occurred. Figure 3-51 shows the supersaturation of calcium with 
respect to gypsum formation and the amount of gypsum crystallised against time 
calculated by mass balance. The supersaturation of calcium with respect to gypsum 
formation was calculated as the activity of Ca2+ (the predominant calcium species) divided 
by the activity of Ca2+ when in equilibrium with gypsum at the sulphate activity for the 
particular data point in question. The activity of the solution species were calculated as 
described in Chapter 2. This method relies on the assumption that the speciation reactions 
are in equilibrium. This may not be entirely correct, however, this method still provides the 
most comprehensive method of determining solution species activities available. 
The supersaturation ratio peaked at a value of three after 30 minutes. At this point, 
gypsum had just begun to crystallise out of solution. The supersaturation ratio decreased 
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quickly as the gypsum crystallised out of solution. The plot of calcium-gypsum 
supersaturation against rate of gypsum crystallisation (Figure 3-52) for the data points 
after the peak in supersaturation shows there was a direct correlation between the 
supersaturation and the rate of gypsum crystallisation. These results show that as 
expected, the formation of gypsum was a chemical supersaturation driven process.  
 
Figure 3-51: Calcium-gypsum supersaturation (SSat) against rate of gypsum 
crystallisation after under baseline batch experimental conditions. 1L baffled batch 
reactor, 600RPM, 800 mL 5g-Cu/L (79 mmol-Cu/L) copper sulphate solution added to 
200 mL 35.5 g-CaCO3/L slurry (Cu:Limestone molar ratio of 1:1), calcium sulphate 
saturated solutions. 
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Figure 3-52: Calcium-gypsum supersaturation and crystallisation over time under 
baseline batch experimental conditions. 1L baffled batch reactor, 600RPM, 800 mL 
5g-Cu/L (79 mmol-Cu/L) copper sulphate solution added to 200 mL 35.5 g-CaCO3/L 
slurry (Cu:Limestone molar ratio of 1:1), calcium sulphate saturated solutions. 
Conceptual Model of Copper Precipitation Reaction System 
The experimental evidence obtained in the present study shows that the predominant 
copper precipitation product is the basic copper sulphate, brochantite, or its hydrate form, 
posnjakite. The posnjakite solid appears to be metastable with respect to brochantite, as 
Marani (1992) showed that posnjakite decomposes to brochantite if upon equilibration with 
its mother solution (Marani 1992). The results of Chapter 2 also agree with this finding. 
The formation of brochantite from the aqueous solution may occur through a number of 
reaction mechanisms.  
Given the predominant bulk solution copper species is Cu2+, the solid may form through 
reaction with hydroxides as shown in Equation 3-22. 

+ + 
, + E,  
. 
  Equation 3-22 
Alternatively, reaction with the solvent water may occur as shown in Equation 3-23. 

+ + 
, + E  
. 
 + E+  Equation 3-23 
If significant CuO(a) is present, the basic copper sulphate solid may form through the 
reactions shown in Equation 3-24, Equation 3-25 or Equation 3-26.  
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
 + 
, +   
. 
 + ,  Equation 3-24 

 + 
, + + +   
. 
  Equation 3-25 

 + 
, + 
+ +   
. 
  Equation 3-26 
Taking into account these considerations, an alternate model for the mechanism of 
precipitation of copper with limestone could be described by Figure 3-53.  
 
Figure 3-53: Alternative conceptual model of copper precipitation with limestone 
It is not clear whether the precipitation of the basic copper sulphate or crystallisation of 
gypsum occur at the surface of the limestone, within the boundary layer, within the bulk 
solution or at the surface or within the boundary layer of a different particle. Hence, this 
diagram has been left ambiguous with respect to these mechanisms. 
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3.3.4.2 Variable Effects 
Hydrodynamic Conditions 
When the batch precipitation of copper with limestone was carried out under varied 
hydrodynamic conditions (Figure 3-25 to Figure 3-29), there was no notable difference in 
the copper and calcium concentrations, solution pH or rates of dissolution or precipitation 
during the initial stages of the experiment. In the intermediate stage of the experiment, the 
rate of copper precipitation was enhanced by increased stirring speed. This indicates that 
mass transfer processes were affecting the rate of limestone dissolution and therefore 
copper precipitation.  
Towards the end of the experiment, when the majority of the copper had precipitated, the 
rate of copper precipitation was still proportional to the copper concentration and increased 
with increasing stirring rate. This indicates that mass transfer still affected the process 
even at low copper concentration. 
Temperature 
When the batch precipitation of copper with limestone was carried out at elevated 
temperature, the rate of copper precipitation was substantially faster (Figure 3-30).  
An Arrhenius plot of the maximum precipitation rate can provide one method of assessing 
the rate controlling mechanism of the reaction. The Arrhenius equation can be arranged 
such that slope of the natural logarithm of the maximum precipitation rate (O) against the 
inverse of absolute temperature is proportional to the activation energy of the reaction 
occurring as shown in Equation 3-27.  
FPQ  ,R
JS
+ FPQ<  Equation 3-27 
Burkin et al (1964) argued that if the activation energy of the reaction is less than 20 
kJ/mol, the reaction is most likely diffusion controlled whereas if the activation energy is 
greater than 40 kJ/mol, the reaction is chemically controlled. This correlation exists 
because the temperature effect on diffusion is relatively consistent between most solutes 
and solvents (Burkin 1966).  
Figure 3-54 shows an Arrhenius plot of the maximum precipitation rate experimental data 
points at 25°C, 40°C and 50°C for the precipitation of copper. The line of best fit for this 
Arrhenius plot equates to a reaction activation energy of 60 kJ/mol. This indicates that the 
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limiting reaction for copper precipitation (over the period of maximum precipitation rate) 
was at least partially a chemically controlled reaction rather than diffusion limited.  
 
Figure 3-54: Arrhenius plot of maximum copper precipitation rates at baseline 
conditions (25°C), 40°C and 50°C 
Seeding  
When the batch precipitation of copper with limestone was carried out with seeding (Figure 
3-31 to Figure 3-34), the rate of precipitation in the initial period increased. The initially 
slow period of copper precipitation observed in most batch precipitation experiments 
appears to be caused by slow nucleation of the copper precipitate. Under baseline 
experimental conditions, this initially slow period was most likely due to the lack of primary 
or secondary nucleation surfaces for heterogeneous nucleation of the copper solid, with 
only limestone particles and the reactor surface available for secondary heterogeneous 
nucleation. The limestone surface may not have been suitable or available for secondary 
heterogeneous nucleation of copper because the surface was dissolving as the reactions 
proceeded. Mass transfer of nucleating species to the surface of the limestone may have 
also been hindered by the existence of a boundary layer around the particle.  
The presence of gypsum increased the initial rate of copper precipitation in the batch 
experiment. This supports the argument of initially slow nucleation, as the presence of the 
gypsum seed would have provided far more surface for secondary heterogeneous 
nucleation.  
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The presence of batch product as seed resulted in a very fast initial copper precipitation 
rate. This again supports the argument that nucleation of copper was causing the initially 
low precipitation rate. This is because the presence of the basic copper sulphate surface 
would have allowed secondary homogeneous nucleation or growth of the basic copper 
sulphate and therefore would have removed primary nucleation as a limiting step in the 
precipitation process.  
In the intermediate stage of the experiment, the presence of the seed particles, whether 
gypsum or product, increased the rate of copper precipitation at the same copper 
concentration. The increase in observed copper precipitation rate at the same copper 
concentration may be due to the extra surface area provided by the seed particles or it 
may be due to the effect that these seed particles had on the solution calcium and 
sulphate concentrations. In the final stage of the experiment, the rate of copper 
precipitation was proportional to copper concentration and independent of the presence of 
seed. 
Calcium and Sulphate Concentrations  
The limestone dissolution, copper precipitation and gypsum crystallisation reactions during 
batch precipitation of copper with limestone were affected by both the sulphate and 
calcium concentrations (Figure 3-35 to Figure 3-39).  
In the experiments with no calcium sulphate in the initial solutions, the initial rate of copper 
precipitation was very similar to that at baseline conditions. Calcium also entered solution 
at the same rate in the experiments with or without calcium sulphate in the initial solution. 
This indicates that the calcium concentration did not affect the limestone dissolution or 
initial copper precipitation rate. 
In the initial stages (5-20 minutes) of the experiment with high sulphate concentration in 
the initial solution, the rate of copper precipitation was slower than at the baseline 
experimental conditions. This implies that the high sulphate concentration had an adverse 
effect on the nucleation of the copper precipitate. It seems counterintuitive to have a high 
sulphate concentration hindering the nucleation of a basic copper sulphate, however, 
increased presence of sulphate is known to decrease the activity of Cu2+ due to shielding 
or association effects as shown previously in Chapter 2 in Figure 2-4. Therefore, the high 
sulphate concentration may have decreased the activity the copper ion, hindering its ability 
to react with the limestone and resulting in the slower precipitation rate observed. 
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After 30 minutes had passed, the rate of copper precipitation in the pure water experiment 
slowed substantially. Figure 3-55 shows the gypsum supersaturation and crystallisation 
over time during the experiments with no calcium sulphate saturation and extra sulphate in 
the initial solution. In both cases, significant gypsum crystallisation began to occur after the 
supersaturation reached approximately 2.5. In the case of the pure water experiment, this 
did not occur until 50 minutes of experiment time had passed, after which the gypsum 
slowly crystallised out of solution, while in the calcium sulphate saturation and high 
sulphate concentration experiments, the supersaturation peak occurred after 30 minutes. 
The slower rate of copper precipitation in the pure water experiment after 30 minutes of 
experimental time compared to that in the calcium sulphate saturated and high sulphate 
experiments indicates that the crystallisation of gypsum was increasing the rate of copper 
precipitation. The correlation may be related to the surface area of solids within the 
reaction environment, the sulphate concentration (higher before gypsum crystallisation 
began), or the formation of calcium-cupric basic sulphates.  
 
Figure 3-55: Gypsum supersaturation and crystallisation over time during batch 
precipitation of copper with different initial solution conditions. 1L baffled batch 
reactor, 2 hr residence time, 600 RPM, 25°C, 800 mL 5 g-Cu/L (79 mmol-Cu/L) copper 
sulphate solution added to 200 mL limestone slurry (Cu:Limestone molar ratio 1:1), 
calcium sulphate saturated solutions. 
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Limestone Addition 
The limestone dissolution, copper precipitation and gypsum crystallisation reactions during 
batch precipitation of copper with limestone were all affected by the limestone addition 
ratio (Figure 3-40 to Figure 3-44). During the initial reaction period, the rate of copper 
precipitation was not affected by the increased mass of limestone added. This supports 
the previous arguments about copper nucleation limiting the initial rate.  
After the initial reaction period, the rate of copper precipitation was higher at the same 
copper concentration when additional limestone was present. A higher rate of precipitation 
at the same copper concentration with additional limestone present implies that the 
surface or boundary layer of the limestone was involved in the precipitation reaction.  
In the final stages of the experiments where excess limestone was present, the copper 
precipitation rate became independent of the limestone addition ratio. This indicates that at 
lower copper concentrations, the limestone surface was no longer involved in limiting the 
reaction rate. 
The pH was also very similar in all of the experiments with excess limestone. Therefore, a 
faster rate of copper precipitation was seen in experiments at very similar slurry pH values. 
This further illustrates that rate of the limestone dissolution reaction was not related to the 
pH, proton or hydroxide activities.  
Initial copper concentration 
When the batch precipitation of copper with limestone was carried out with different initial 
copper concentrations and the same stoichiometric limestone addition, a minimum initial 
rate was observed. After the initial stages of the reaction the copper precipitation rate 
remained proportional copper concentration irrespective of the initial copper concentration 
(Figure 3-45 to Figure 3-48). This further supports the argument that the limestone 
dissolution and subsequent copper precipitation reactions were dependent on the copper 
concentration. 
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3.3.4.3 Summary 
A summary of the effect of each of the variables tested on the rate of precipitation of 
copper over the three stages of the batch reaction is shown in Table 3-7. 
Table 3-7: Summary of the effect of each of the variables tested on the rate of 
copper precipitation with limestone compared to the rate at baseline conditions 
over the three stages of the batch reaction 
 Initial Intermediate Final 
Baseline 
conditions 
Initial increase in rate of 
copper precipitation 
Copper precipitation rate 
proportional to copper 
concentration in solution 
Copper precipitation rate 
proportional to copper 
concentration in solution 
Hydrodynamic 
conditions 
No effect 
Increased rate with 
increased stirring rate at the 
same copper concentration 
Increased rate with 
increased stirring rate at the 
same copper concentration 
Temperature Increase with temperature Increase with temperature Increase with temperature 
Gypsum 
seeding 
Small increase 
Increased rate at the same 
copper concentration 
No effect 
Product 
seeding 
Maximum rate from t = 0  
Increased rate at the same 
copper concentration 
No effect 
DI water initial 
solution 
No effect No effect No effect 
Extra sulphate 
initial solution 
Decreased and lengthened 
initial time period 
No effect No effect 
Limestone 
addition ratio 
No effect 
Increased rate with  
increased limestone addition 
at the same copper 
concentration 
No effect 
Initial copper 
concentration 
Minimum initial rate No effect No effect 
These results indicate that three different reaction processes control the rate of copper 
precipitation at different stages during the course of a batch precipitation of copper with 
limestone experiment at room temperature.  
1. In the initial stages of the batch experiment, the addition of the copper product seed 
material significantly enhanced the copper precipitation rate. This indicates that the 
precipitation of copper was initially limited by the nucleation of a copper solid.  
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2. In the intermediate stage of the batch experiment, the rate of copper precipitation 
was proportional to the concentration of copper in solution. Increased stirring rate 
and increased limestone presence significantly increased the rate of copper 
precipitation while higher solid surface area in the reactor had some enhancing 
effect on the rate of copper precipitation at the same copper concentration. The 
effect of the reactor hydrodynamics and available limestone surface area on the 
rate of copper precipitation indicates that the mass transfer of copper to the surface 
of the limestone was limiting the reaction  
3. In the final stages of the batch experiment, when excess limestone was present and 
the copper concentration was low, the rate of copper precipitation remained first 
order with respect to the concentration of copper in solution. Increased stirring rate 
led to higher copper precipitation rates at the same copper concentration, however, 
the presence of additional limestone, the sulphate concentration and the available 
solid surface area had no effect on the rate of copper precipitation. This indicates 
that mass transfer of copper limits the rate of copper precipitation. When the batch 
experiment was limestone limited, this final stage of the reaction process was not 
reached. 
4. Throughout the batch experiments, the rate of gypsum crystallisation was 
proportional to the supersaturation of gypsum in solution after nucleation had 
occurred. Nucleation of gypsum began once the supersaturation increased above 
approximately 2.5. The crystallisation of gypsum also caused some co-precipitation 
of copper. 
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3.4 Implications for Industrial Practice 
This chapter investigated the kinetics and precipitate composition relevant to the copper 
precipitation stage of the synergistic copper process. Five key targets of the copper 
precipitation step are to achieve: 
• High copper grade product 
• High rate of copper precipitation 
• High copper recovery 
• High reagent utilisation 
• Low reagent cost 
The precipitation of a high grade solid containing copper (II) oxide from a copper sulphate 
solution was not achieved as a basic copper sulphate phase was found to form even under 
conditions where the oxide solid was thermodynamically stable. This was attributed to the 
high energy required to precipitate the copper (II) oxide nuclei in sulphate solution as well 
as the fast formation of the basic copper sulphate solid. The overall basic copper sulphate 
precipitation reaction was very fast when carried out with lime and significantly slower 
when carried out with limestone or magnesia. 
The batch experimental results provided some insight into the factors that affect 
performance of the copper precipitation stage using limestone. Batch precipitation of 
copper with limestone was found to take approximately 100 minutes for >95% recovery of 
copper to the solid phase with complete utilisation of the limestone reagent. The copper 
product contained 33 wt. % copper and no unreacted limestone. This precipitate also 
contained significant gypsum. The presence of this gypsum will have significant impact on 
the performance of the precipitated copper product when added to a copper converter. 
Scanning electron micrographs of the batch precipitation product showed a significant 
difference in particle size between the basic copper sulphate and gypsum crystals. It may 
be possible to utilise this difference in particle size to separate and therefore upgrade the 
copper precipitate by physically removing some of the larger gypsum crystals from the 
product. Similar processes have been described for the physical separation of magnesium 
hydroxide (Hall et al. 1977) or zinc oxide (Choi et al. 2004) from gypsum when 
precipitation and neutralisation is carried out with lime, hydrated lime or limestone. 
The copper precipitation reaction rate was heavily dependent on the reactor temperature, 
copper product seeding, copper concentration, proton activity, hydrodynamic conditions in 
the reactor and the available limestone surface area. The rate of copper precipitation with 
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limestone can be significantly increased by operating at increased temperature. Operating 
in highly turbulent conditions with excess limestone present (Cu:CaCO3 > 1:0.75) and 
seeding of the basic copper sulphate will also lead to an increased copper precipitation 
rate. However, operating with excess limestone will cause higher levels of limestone and 
gypsum in the precipitated product, which is not desirable. A more appropriate method of 
optimising the rate and composition of the copper precipitate would be to use high surface 
area limestone particles at the stoichiometric limestone ratio required. Out of all of these 
operating condition recommendations, operating at increased temperature would provide 
the most significant increase in copper precipitation rate.   
In industrial practice, the copper precipitation would most likely be carried out in a series of 
continuous reactors. The copper precipitation rate was shown to depend on the limestone 
dissolution rate, which in turn depended on the solution copper concentration and mass 
transfer of the copper to the surface of the limestone. Given this dependence, the use of a 
series of small precipitation tanks in series, rather than fewer large tanks, should enhance 
the overall rate of copper precipitation by allowing higher copper concentrations in each 
tank. The limestone dissolution rate was also dependent on the surface area of the 
limestone. Therefore, maximising the available surface area of the limestone and choosing 
a type of limestone that is easily dissolved should enhance the overall rate of copper 
precipitation. This also means that carrying out staged addition of limestone in the 
precipitation circuit is not advisable, as this would limit the available surface area of 
limestone in the early stages of the circuit. 
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3.5 Summary 
Semi-batch precipitation experiments in which the process conditions were maintained 
such that the copper (II) oxide solid was thermodynamically stable were found to produce 
a solid consisting entirely of the basic copper sulphate posnjakite (CuSO4.3Cu(OH)2.H2O). 
The rate of precipitation of this basic copper sulphate solid was found to be dependent on 
the precipitation reagent used. 
Batch experiments precipitating copper with limestone were carried out investigated 
product composition and factors affecting the rate of copper precipitation. The reactor 
temperature, copper product seeding, copper concentration, hydrodynamic conditions in 
the reactor and the available limestone surface area were all found to affect the rate of 
copper precipitation. The batch precipitation was found to occur through a series of three 
reaction stages. The initial stage was limited by the nucleation of the copper solid. The 
intermediate stage was found to depend on the surface area of limestone, the 
concentration of copper and the hydrodynamic conditions within the reactor. The final 
stage of the batch precipitation was found to depend primarily on the hydrodynamic 
conditions within the reactor. Gypsum was found to crystallise out above a supersaturation 
ratio of approximately 2.5. Understanding of how these factors affected the copper product 
composition and precipitation rate allowed methods of optimising the industrial 
precipitation of copper to be recommended.  
  
153 
4 Heat Capacity and Thermal Decomposition of Basic Copper 
Salts 
4.1 Introduction 
The synergistic copper process involves feeding a precipitated copper product to a high 
temperature copper smelting or converting processes. The precipitated product may be 
charged directly into the high temperature processes to increase the copper smelting or 
converting process throughput. Alternatively, a low temperature pre-treatment of the solid 
may allow for more efficient energy use during the high temperature process. Low-grade 
heat sources, such as smelter or converter off-gas, may be suitable for pre-treating the 
precipitated product. In either case, quantitative information is required on heat capacities 
of the products and heats of reaction associated with the decomposition of these solids. 
Through Chapters 2 and 3, the basic copper salts clinoatacamite (Cu2(OH)3Cl), rouaite 
(Cu2(OH)3NO3) and brochantite (Cu4(OH)6SO4) were identified as the most likely copper 
phases formed when precipitated from copper containing solutions of the three mineral 
acids chloride, nitrate and sulphate. An understanding of how these solids will decompose 
under smelting conditions along with the energy requirement of heating and decomposing 
these basic copper salts through pre-heating and copper smelting steps is required. 
A number of studies have been carried out investigating the decomposition reactions of 
basic copper sulphate, basic copper chloride and basic copper nitrate. The reported 
thermal decomposition routes and temperatures of these reactions for the basic copper 
sulphate, basic copper chloride and basic copper nitrate are summarised in Table 4-1, 
Table 4-2 and Table 4-3 respectively. In this section, the chemical formula and reactions 
have been standardised for ease of comparison except when the variation in structure 
representation conveys important information. Further, all temperatures have been 
presented in kelvin to allow for direct comparison with other studies. 
Basic Copper Sulphate - Brochantite 
For the basic copper sulphate, brochantite (Cu4(OH)6SO4) and its hydrated forms 
posnjakite (Cu4(OH)6SO4.H2O), wroewolfeite/langite (Cu4(OH)6SO4.2H2O), the sequence 
of thermal decomposition begins with dehydration which is reported to occur between 293 
and approximately 440 K. This is followed by de-hydroxylation of the copper hydroxide 
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portion of the solid leaving copper (II) oxide. This de-hydroxylation may occur in stages, 
between approximately 440 and 973 K. Dolerophanite (CuSO4.CuO) and antlerite 
(Cu3(OH)4SO4) have been reported to crystallise from the decomposition products in this 
temperature range. The CuSO4 is reported to decompose above 853K, leaving only CuO 
in the solid phase. In air or oxygen containing atmospheres, the sulphur was reported to 
form SO3 as a gaseous decomposition product whereas when the decomposition was 
carried out under a nitrogen atmosphere, the sulphur was reported to form SO2 as a 
gaseous product. Uncertainty remains around the stages of de-hydroxylation and the 
potential for recrystallization of mixed copper hydroxide-copper sulphate and copper oxide-
copper sulphate phases.  
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Table 4-1 – Reported thermal decomposition sequence of basic copper sulphate. 
(Margulis 1962), (Pannetier et al. 1963), (Ramamurthy & Secco 1970), (Prasad & 
Sitakara Rao 1985), (Tanaka & Koga 1988), (Uzunov et al. 1995), (Koga et al. 1997) 
Reference Reaction Reported description and temperature (K) 
of reaction 
Margulus (1963) CuO.CuSO4.2Cu(OH)2.H2O →  
CuO.CuSO4.2Cu(OH)2 + H2O 
 
CuO.CuSO4.2Cu(OH)2 (s) → 
Cu2OSO4 (s) + 2CuO (s) + 2H2O 
 
Cu2OSO4 (s) → 
2CuO (s) + SO3 (g) 
 
Dehydration of zeolitic water, 443-553 
 
 
Complete de-hydroxylation leaving 
dolerophanite and CuO, >573 
 
Desulphurisation of dolerophanite, >963 
 
Pannetier et al 
(1963) 
Nitrogen 
atmosphere 
Cu4(OH)6SO4.H2O → 
Cu4(OH)6SO4 + H2O 
 
Cu4(OH)6SO4→ 
Cu2OSO4 + 2CuO + 3H2O 
 
Cu2OSO4 → 
2CuO + SO3 
 
SO3 → 
SO2 + ½O2  
 
Dehydration of posnjakite, 293-423 
 
 
Complete de-hydroxylation and formation of 
dolerophanite, (no zeolitic water) 413-813 
 
Desulphurisation of dolerophanite 
923-1073 
 
Potential decomposition of SO3 (g) 
Ramamurthy and 
Secco (1970) 
Cu4(OH)6SO4.0.65H2O (s) →  
2CuO + Cu2OSO4 + 3.65H2O (g) 
 
Cu2OSO4 → 
2CuO + SO3 (g) 
 
Dehydration, de-hydroxylation and formation of 
dolerophanite, 423-673 
 
Desulphurisation of dolerophanite, 853-1053 
Prasad and Rao 
(1984) 
Cu4(OH)6SO4.xH2O →  
Cu4(OH)6SO4 + xH2O (g) 
 
Cu4(OH)6SO4 →  
Cu3(OH)4SO4 + CuO + H2O (g) 
 
Cu3(OH)4SO4 →  
3CuO + SO2 (g) + 2H2O + ½O2 (g) 
Dehydration, 353-443 
 
 
Partial de-hydroxylation and formation of 
antlerite, 523-673 
 
De-hydroxylation and desulphurisation  
producing SO2 (g), 883-973 
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Tanaka and Koga 
(1988) 
Cu4(OH)6SO4.H2O →  
Cu4(OH)6SO4 + H2O (g) 
 
Cu4(OH)6SO4 →  
Cu2OSO4 + 2CuO + 3H2O 
 
Cu2OSO4 →  
2CuO + SO3 (g) 
 
Dehydration of posnjakite 
 
 
De-hydroxylation and formation of 
dolerophanite 
 
Desulphurisation of dolerophanite producing 
SO3 (g) 
Uzunov et al (1995) CuO.CuSO4.2Cu(OH)2.H2O →  
CuO.CuSO4.2Cu(OH)2 + H2O 
 
CuO.CuSO4.2Cu(OH)2 → 
Cu2OSO4 + 2CuO + 2*H2O 
 
Cu2OSO4 → 
2CuO + SO3 (g) 
 
Presence of zeolitic water 
 
 
>1073 
*proposed reaction was not balanced 
 
Koga et al (1997) Cu4(OH)6SO4  →  
Cu4O(OH)4SO4 + H2O (g) 
 
CuO.CuSO4.2Cu(OH)2 →  
Cu4O3SO4 + 2H2O (g) 
 
Cu4O3SO4 →  
Cu2OSO4 + 2CuO  
 
Cu2OSO4 →  
2CuO + SO3 (g) 
 
Partial de-hydroxylation, 478 
 
 
Complete de-hydroxylation 
 
 
Formation of dolerophanite, 776 
 
 
Desulphurisation of dolerophanite producing 
SO3 
Basic Copper Chloride - Clinoatacamite 
For the basic copper chlorides, botallackite (α-Cu2(OH)3Cl), clinoatacamite (β-Cu2(OH)3Cl), 
paratacamite (γ-Cu2(OH)3Cl) and atacamite (δ-Cu2(OH)3Cl), the sequence of thermal 
decomposition begins with complete de-hydroxylation which is reported to occur between 
approximately 500 and 750 K. This de-hydroxylation leaves CuO and CuCl2 solids, which 
may form a mixed copper oxide-chloride phase. In air or oxygen containing atmosphere, 
the copper chloride portion of the solid de-chlorinates, expelling chlorine while leaving 
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copper oxide. This is reported to occur between approximately 750 up to 1050 K. In 
oxygen deprived atmosphere, the copper chloride portion of the solid reduces to Cu2Cl2, 
producing chlorine gas. The Cu2Cl2 solid is then reported to sublimate between 
approximately 750 and 1000K. The chlorine gas may also react with remaining CuO solid 
to form Cu2Cl2 and oxygen gas.  
Table 4-2 – Reported thermal decomposition sequence of basic copper chloride. 
(Ball & Coultard 1968), (Ramamurthy & Secco 1969), (Sharkey & Lewin 1972) 
Reference Reaction Reported description and temperature (K) of 
reaction 
Ball and Coultard 
(1968)  
Experimentation carried 
out in air 
Cu2(OH)3Cl → 
½Cu4O3Cl2 + 1½H2O 
 
Cu4O3Cl2 + ½O2 → 
4CuO + Cl2 
 
De-hydroxylation  
α 583-743, γ 544-726, δ 536-708 
 
De-chlorination  
α 756- >1226, γ 726-1096, δ 726-1046 
Ramamurthy and 
Secco (1969) 
Experimentation carried 
out under nitrogen 
atmosphere 
Cu2(OH)3Cl → 
1½CuO + ½CuCl2 + 1½H2O 
 
CuCl2 → 
Cu2Cl2 + Cl2 
 
CuO + ½Cl2 (g) → 
½Cu2Cl2 + ½O2 
 
Cu2Cl2 → 
Cu2Cl2 (g) 
 
De-hydroxylation 
α 496-626, β 526-676, γ 556-626, δ 516-576 
 
Disproportionation of CuCl2 
α 673-738, β 678-756, γ 706-766, δ 676-746 
 
Partial chlorination of CuO 
 
Sublimation of Cu2Cl2 
α 743-993, β 753-993, γ 763-993, δ 743-973 
Sharkey and Lewin 
(1971) 
Experimentation carried 
out in air with some 
sealed vessels 
Cu2(OH)3Cl → 
½Cu4O3Cl2 + 1½H2O 
 
Cu4O3Cl2 + ½O2 → 
4CuO + Cl2 
De-hydroxylation 
α 524-554, γ 527-568, δ 538-574 
 
De-chlorination 
α 686-710, γ 680-716, δ 672-715 
Basic Copper Nitrate - Rouaite 
For the basic copper nitrates, rouaite and gerhardtite (both Cu(OH)3NO3), complete 
thermal decomposition to copper oxide through de-hydroxylation and denitrification 
reactions is reported to occur in a single step between approximately 433 and 673 K.  
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Table 4-3 – Reported thermal decomposition sequence of basic copper nitrate. 
(Bouillon & Wafelaer 1955), (Ramamurthy & Secco 1970), (Ilcheva et al. 1979), 
(Auffredic et al. 1979), (Schildermans et al. 1993) 
Reference Reaction Reported description and temperature 
(K) of reaction 
Bouillon and Wafelaer 
(1955) 
Cu2(OH)3NO3 → 
½Cu(NO3)2 + 1½CuO + 1½H2O 
 
Cu(NO3)2 → 
CuO + 2NO2 + ½O2 
 
De-hydroxylation, 393 
 
 
Denitrification producing NO2 (g), 393-573 
Ramamurthy and Secco 
(1970) 
Cu2(OH)3NO3→ 
2CuO + NO2 + 1½H2O + ¼O2 
 
De-hydroxylation and denitrification 
producing NO2 (g), 513-583 
Ilcheva et al (1979) Cu2(OH)3NO3→ 
2CuO + NO2 + 1½H2O + ¼O2  
 
De-hydroxylation and denitrification 
producing NO2 (g), 478-673 (Gerhardtite) 
Auffredic et al (1979) Cu2(OH)3NO3→ 
2CuO + HNO3 + H2O 
 
De-hydroxylation and denitrification 
producing HNO3 (g), 433-473 
Schildermans et al (1993) 
Experimentation carried 
out under nitrogen 
atmosphere 
Cu2(OH)3NO3→ 
2CuO + HNO3 + H2O 
 
HNO3 → 
NO2 + ½H2O + ¼O2 
De-hydroxylation and denitrification 
producing HNO3, 433-508 
 
Partial dehydration of HNO3 (g) producing 
NO2 (g) 
One of the factors that control the decomposition route and especially the gaseous 
decomposition products of the basic copper salts is the oxygen partial pressure. Copper 
smelting and converting is typically carried out at an oxygen partial pressure between 10-6 
and 10-8 atmospheres (Yazawa 1974). This means that should the precipitated copper 
product be added to a copper smelter or converter, or be dried using off-gas from one of 
these processing steps, the decomposition would occur under a low oxygen partial 
pressure. As seen in the tables above, the low oxygen partial pressure favours reactions 
resulting in the formation of oxygen gas as a decomposition product.  
Heat Capacity 
There are very few reports on the heat capacity of basic copper salts at temperatures 
above 300K. The heat capacity of basic copper sulphate has been reported up to 573 K 
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(Barner & Scheuerman 1978) while the heat capacity of basic copper chloride has been 
studied up to 508 K (Bisengalieva et al. 1997). Some researchers have also presented 
estimates of standard heat capacity data for the basic copper sulphate salts (Kwok & 
Robins 1973).  
Barner and Scheuerman (1978) reported a heat capacity temperature correlation for 
brochantite between 298 and 573 K as shown in Equation 4-1. It is not clear what method 
was used to determine this heat capacity function. 
T,V  W. X@ % Y. EE ∗ @<, ∗ S % E. <W ∗ @<ES,	Z/V[F.\ Equation 4-1 
Kwok and Robins (1973) estimated the standard heat capacity for basic copper sulphate 
as 354.8 J/mol.K. 
Bisengalieva et al (1997) investigated the molar heat capacity of hydrous copper chloride, 
atacamite, from 2K up to 508 K. They used two different methods to determine the heat 
capacity; at low temperature (2-305K) they used cryogenic-adiabatic calorimetry while at 
high temperature (290-508K) they used differential scanning calorimetry. They reported a 
standard molar heat capacity of 159.30 ± 0.58 at 298.15 K. They also reported that 
between 290 and 508 K the heat capacity of atacamite could be represented by Equation 
4-2. 
T,V  @WE. < + EY.  ∗ @<S % @W. WW ∗ @<WS,	Z/V[F.\  Equation 4-2 
In this chapter, the heat capacity of the basic copper salts over their region of stability has 
been determined. The decomposition sequence of the basic copper salts have also been 
investigated and the total energy required to decompose these salts to copper (I) oxide at 
1266 K has been determined. 
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4.2 Methods 
Samples of the basic copper sulphate, chloride and nitrate salts were prepared as 
described in Chapter 2. The samples were analysed by XRD prior to the thermo-
gravimetric analysis with the minerals identified as described in Table 4-4. 
Table 4-4: Precipitated basic copper samples used in this study 
Chemical Name Mineral Name Chemical Formula Molar Mass 
Basic Copper Sulphate Brochantite Cu4(OH)6SO4 452.29 
Basic Copper Chloride Clinoatacamite  β- Cu2(OH)3Cl 213.57 
Basic Copper Nitrate Rouaite Cu2(OH)3NO3 240.12 
 Thermogravimetric Analysis 4.2.1
Thermogravimetric (TG), Derivative Thermogravimetric (DTG) and Differential Scanning 
Calorimetric (DSC) curves were recorded on a SDT Q600 TA instrument, where 
approximately 20mg of ground copper compound was heated in open platinum crucibles 
under 100mL/min nitrogen gas. The samples were stored under vacuum in a desiccator 
prior to experimentation. High purity (99.9990%), analytical grade nitrogen gas was used. 
The gas was certified to contain ≤3 ppm H2O, ≤3 ppm O2, ≤5 ppm CO, ≤300 ppm CO2, 
≤0.5 % Ar and ≤ 1 ppm total hydrocarbons. This high purity nitrogen gas was used to 
simulate the low oxygen partial pressure (10-6 – 10-8) atmosphere expected during copper 
smelting and converting. The amount of oxygen in the nitrogen approximately equates to 
an oxygen partial pressure of 3*10-6 atmospheres. 
The instrument was calibrated using metal standards (indium 99.95%, tin 99.95%, zinc 
99.95%, aluminium 99.95%, silver 99.999% and copper 99.999%) and sapphire (α-Al2O3) 
99.95% and in accordance to procedures described by Sarge et al (1994) and summarised 
in Appendix 2 (Sarge et al. 1994). Heating procedures were conducted with a 10 minute 
isothermal step at 303K, then sample heating to 1266K at 10°C/minute and a final 10 
minute isothermal step at 1266K. This final temperature was chosen to avoid the formation 
of metallic copper, which would react with the platinum crucible and potentially damage the 
TGA DSC instrument. 
All samples were run at atmospheric pressure and in duplicate. Before each sample run, 
empty platinum crucibles were heated over identical heating programmes so buoyancy 
corrections could be made. To avoid interaction of the copper compounds with the 
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platinum crucible, approximately 20 mg of alumina (Al2O3) powder was placed at the 
bottom of both the sample and reference crucible prior to the buoyancy correction runs. 
The DSC curves recorded by the instrument were analysed in accordance to work carried 
out by Balucan et al (2013) to give specific molar heat capacity (Cp,m) and the true heat 
flow ΦTru required to heat the sample (Balucan et al. 2013). 
 Decomposition Product Analysis 4.2.2
Heat treatment and XRD analysis was also carried out on larger portions of the 
precipitated solids to assist in verifying the reactions observed in the thermogravimetric 
results. For these tests, 2-4g of the precipitated solid was placed in a furnace with an 
argon gas atmosphere. The furnace was heated to a selected temperature and maintained 
at that temperature for at least 6 hours. The phases present in these heat treated solid 
samples were determined by XRD using a Bruker D8 Advance XRD with a Lynx Eye 
detector and Cu radiation at 40kV and 40mA. The temperature of the furnace was selected 
based on the results of the thermogravimetric analysis. Due to the nature of temperature 
measurement at high temperature values, there may have been some variation between 
the target temperature and the actual temperature in the furnace. 
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4.3 Results and Discussion 
 Reaction Sequence on Heating and Heat of Reaction 4.3.1
Basic Copper Sulphate - Brochantite 
The thermogravimetric, differential thermogravimetric and differential scanning calorimetry 
data collected for the basic copper sulphate brochantite is presented in Figure 4-1. The 
brochantite solid was stable up to 477K. Above this temperature, the solid decomposed in 
a series of three decomposition reactions as it was heated to 1200K. Between 477 and 
750 K, the brochantite lost approximately 12.6% of its mass to the gas phase through a 
decomposition reaction. An exothermic reaction, which did not result in any mass loss, 
occurred at 800K. Between 840 and 1000 K, the solid decomposed to lose 18.0% of its 
mass to the gas phase. This was followed by a further 7.0% mass loss between 
approximately 1050 and 1180 K. 
The heat of the four reactions, along with the temperature and mass loss associated with 
these reactions are presented in Table 4-5. The results of XRD analysis of the solid 
decomposition products indicated that at 725K, tenorite (CuO), antlerite (Cu3(OH)4SO4) 
and dolerophanite (Cu2OSO4) were all present. By 1025 K, the brochantite had completely 
decomposed to tenorite (CuO).  
The mass loss and XRD results suggest that the first reaction peak represents the 
complete de-hydroxylation of brochantite. The formation of antlerite and dolerophanite at 
approximately 725 K indicates that portions of both phases form during this de-
hydroxylation reaction. The exothermic peak at approximately 800K also appears to relate 
to the crystallisation of dolerophanite from combination of CuO and CuSO4 portions of the 
solid as suggested by previous researchers. The third and fourth reaction peaks represent 
the decomposition of the dolerophanite to tenorite and its subsequent reduction to cuprite 
(Cu2O). These results are summarised by the four reactions specified in Equation 4-3 
(470-750 K), Equation 4-4 (800 K), Equation 4-5 (840-1000 K) and Equation 4-6 (1050-
1180 K).  
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Figure 4-1: The weight, derivative weight loss and heat flow of brochantite (N2 
atmosphere at 10°C/min, 30-1000°C). 
Table 4-5: Thermogravimetric and differential scanning calorimetric data for 
brochantite. 
Peak QLatent
 
(J/g)
 
Weight Endothermic/Exothermic  
Reaction 
Tpeak (K) 
(%) (mg) 
1 77.48 87.43 18.02 Endothermic 707.31 
2 13.01 86.32 17.79 Exothermic 800.85 
3 90.61 69.43 14.31 Endothermic 978.47 
4 97.82 62.40 12.86 Endothermic 1162.91 
 
Temperature (K) 
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Basic Copper Chloride - Clinoatacamite 
The thermogravimetric, differential thermogravimetric and differential scanning calorimetry 
data collected for the basic copper chloride clinoatacamite is presented in Figure 4-2. The 
clinoatacamite solid was stable up to 477K. Above this temperature, the solid began to 
decompose through a series of four reactions up to 1200K. Between approximately 477 
and 590 K, the clinoatacamite reacted to lose 12.6% of its mass to the gas phase. A 
second reaction between approximately 590 and 725 K resulted in the loss of 5.2% of the 
solid mass. This was closely followed by a third reaction between approximately 725 and 
950 K where 41.5% of the solid was lost to the gas phase. The final reaction between 
approximately 950 and 1150 K resulted in the loss of 4.4% of the solid phase. 
The latent heat of the four reactions seen in the TGA curves, along with the temperature 
and mass loss associated with these reactions are presented in Table 4-6. The results of 
XRD analysis indicated that at approximately 600K tenorite (CuO), clinoatacamite (δ-
Cu2(OH)3Cl), belloite (CuOHCl) and a small amount of nantokite (CuCl) were present. 
Once the temperature was raised to approximately 723K, only tenorite (CuO), nantokite 
(CuCl) and belloite (CuOHCl) remained. 
These results do not provide a definitive explanation for the decomposition route of the 
clinoatacamite although they do provide some insight into the reactions that may be 
occurring. The XRD results show formation of tenorite, belloite and nantokite. It follows 
that the decomposition reactions begin with de-hydroxylation to form the copper oxide and 
belloite. The belloite then decomposes to nantokite, rather than Cu2Cl2 as suggested by 
previous researchers, and subsequently sublimates. By 1000K, the only solid that remains 
is tenorite. At this temperature, the mass loss results showed that only half of the copper in 
the initial sample remains stable. This indicates that all of the chloride in the sample 
followed the described reaction pathway to form nantokite and sublimate. The fourth 
reaction at approximately 1100K is the reduction of the tenorite to cuprite (Cu2O). These 
results are summarised by the four reactions specified in Equation 4-7 (475-590 K), 
Equation 4-8 (590-725 K), Equation 4-9 (725-950 K) and Equation 4-10 (950-1150 K).  
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Figure 4-2: The weight, derivative weight loss and heat of clinoatacamite (N2 
atmosphere at 10°C/min, 30-1000°C). 
Table 4-6: Thermogravimetric and differential scanning calorimetric data for 
clinoatacamite. 
Peak 
QLatent 
(J/g) 
Weight Endothermic /Exothermic 
Reaction 
Tpeak (K) 
(%) (mg) 
1 98.68 86.51 17.63 Endothermic 561.78 
2 38.08 81.35 16.58 Endothermic 703.18 
3 4.91 39.89 8.13 Endothermic 936.73 
4 197.82 35.53 7.24 Endothermic 1140.23 
 
Temperature (K) 
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Basic Copper Nitrate - Rouaite 
The thermogravimetric, differential thermogravimetric and differential scanning calorimetry 
data collected for the basic copper chloride rouaite is presented in Figure 4-3. The rouaite 
solid was stable up to 477K. Above this temperature, the solid decomposed in two 
separate reactions as it was heated to 1200K. Between approximately 477 and 575 K, the 
rouaite decomposed to lose 33.4% of its mass to the gas phase. The second reaction 
between approximately 1000 and 1175 K resulted in the loss of 7.3% of the solid. 
The latent heat of the two reactions seen in the TGA curves, along with the temperature 
and mass loss associated with these reactions are presented in Table 4-7. The results of 
XRD analysis of the solid decomposition products at 723 K indicated that only the copper 
(II) oxide tenorite was present. These results indicate that the rouaite solid completely 
decomposed to tenorite (CuO) in a single reaction between 475 and 575 K. The second 
reaction at approximately 1100K is the reduction of the tenorite to cuprite (Cu2O). The 
decomposition route is summarised by the two reactions specified in Equation 4-11 (475-
575 K) and Equation 4-12 (1000-1175 K).  
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Figure 4-3: The weight, derivative weight loss and heat flow of rouaite (N2 
atmosphere at 10°C/min, 30-1000°C). 
Table 4-7: Thermogravimetric and differential scanning calorimetric data for rouaite. 
Peak QLatent (J/g) 
Weight Endothermic/Exothermic 
Reaction 
Tpeak (K) 
(%) (mg) 
1 171.91 66.65 13.57 Endothermic 523.86 
2 122.97 59.38 12.09 Endothermic 1157.65 
 Specific Heat Capacities 4.3.2
The specific heat capacities of the basic copper salts determined at each temperature step 
from 303 to 475K are presented in Table 4-9. These specific heat capacities for the basic 
copper salts can be represented by the following temperature relation equation using the 
data provided in Table 4-8. The specific heat capacity temperature relation function 
Temperature (K) 
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parameters were determined by minimising the sum of squared errors between the 
temperature relation function and the data provided in Table 4-9. 
]^,_  ` + a ∗ 10,de + ] ∗ 10fe,g + h ∗ 10,ieg
j
_kl
. m Equation 4-13 
Table 4-8: Specific heat capacity temperature relation function parameters for 
brochantite, clinoatacamite and rouaite. Cp,m =A + B*10
-3T + C*105T-2 + D*10-6T2 
J/mol.K 
Solid Phase 
Temperature 
range (K) 
A B C D 
Brochantite 
Cu4(OH)6SO4 
303 - 477 268.04 590.50 -49.43 -415.51 
Clinoatacamite 
β- Cu2(OH)3Cl 
303 - 477 27.16 706.24 2.12 -596.32 
Rouaite 
Cu2(OH)3NO3 
303 - 477 192.18 44.68 -34.49 -11.79 
The specific heat capacity data and the fitted temperature relation function for the three 
solid phases between 303 and 477 K are presented in Figure 4-4, Figure 4-5 and Figure 
4-6. The specific heat capacity temperature relation functions all show very good fit with 
the specific heat capacity data over this temperature range with the sum or squared errors 
all less than 0.025. 
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Figure 4-4: Specific heat capacity data for precipitated brochantite and fitted heat 
capacity temperature correlation function between T = 303K and T = 477 K 
(Brochantite Cu4(OH)6SO4 = 452.29 g/mol, R = 8.3144 J/K.mol) 
 
 
Figure 4-5: Specific heat capacity data for precipitated clinoatacamite and fitted heat 
capacity temperature correlation function between T = 303K and T = 477 K 
(Clinoatacamite β-Cu2(OH)3Cl = 213.55, g/mol, R = 8.3144 J/K.mol) 
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Figure 4-6: Specific heat capacity data for precipitated brochantite and fitted heat 
capacity temperature correlation function between T = 303K and T = 477 K (Rouaite 
Cu2(OH)3NO3 240.12 g/mol, R = 8.3144 J/K.mol) 
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Table 4-9: Specific heat of precipitated copper compounds between T = 303K and  T 
= 477K (Brochantite = 452.29 g/mol, Clinoatacamite = 213.55, g/mol, Rouaite 240.12 
g/mol, R = 8.3144J/K.mol) 
Brochantite 
Cu4(OH)6SO4 
Clinoatacamite 
β- Cu2(OH)3Cl 
Rouaite 
Cu2(OH)3NO3 
Temperature 
(K) 
Cp,m/R Temperature 
(K) 
Cp,m/R 
 
Temperature 
(K) 
Cp,m/R 
  
303.6 42.8121 303.5 20.1592 303.5 22.7275 
305.1 42.9143 305.0 20.1982 305.0 22.7847 
307.0 43.0459 306.9 20.2498 306.9 22.8578 
311.3 43.3475 311.2 20.3684 311.2 23.0176 
315.8 43.6652 315.6 20.4912 315.6 23.1796 
319.9 43.9756 319.8 20.6085 319.8 23.3336 
323.8 44.2730 323.7 20.7204 323.7 23.4778 
327.4 44.5555 327.3 20.8271 327.3 23.6150 
331.0 44.8267 330.9 20.9290 330.9 23.7476 
334.5 45.0900 334.4 21.0291 334.4 23.8791 
338.1 45.3483 338.0 21.1264 338.0 24.0094 
341.8 45.6029 341.7 21.2220 341.7 24.1381 
345.5 45.8541 345.4 21.3165 345.5 24.2674 
349.3 46.0989 349.2 21.4087 349.2 24.3962 
353.1 46.3370 353.0 21.4974 353.0 24.5234 
356.8 46.5691 356.7 21.5861 356.7 24.6467 
360.6 46.7957 360.4 21.6708 360.5 24.7674 
364.3 47.0165 364.2 21.7520 364.2 24.8852 
368.0 47.2331 367.9 21.8320 367.9 25.0016 
371.8 47.4465 371.6 21.9093 371.6 25.1160 
375.5 47.6546 375.4 21.9853 375.4 25.2282 
379.2 47.8610 379.1 22.0596 379.1 25.3387 
383.0 48.0616 382.8 22.1321 382.9 25.4472 
386.7 48.2585 386.6 22.2041 386.6 25.5540 
390.4 48.4510 390.3 22.2748 390.3 25.6586 
394.2 48.6403 394.0 22.3443 394.1 25.7617 
397.9 48.8260 397.8 22.4118 397.8 25.8622 
401.6 49.0104 401.5 22.4783 401.5 25.9616 
405.3 49.1904 405.2 22.5433 405.2 26.0591 
409.1 49.3702 408.9 22.6072 408.9 26.1555 
412.8 49.5444 412.6 22.6693 412.7 26.2502 
416.5 49.7166 416.4 22.7297 416.4 26.3437 
420.2 49.8852 420.1 22.7883 420.1 26.4364 
423.9 50.0496 423.8 22.8459 423.8 26.5271 
427.6 50.2115 427.5 22.9011 427.5 26.6182 
431.3 50.3716 431.2 22.9555 431.2 26.7100 
435.0 50.5300 434.9 23.0078 434.9 26.7946 
438.7 50.6849 438.6 23.0578 438.6 26.8720 
442.4 50.8375 442.3 23.1062 442.3 26.9458 
446.1 50.9881 446.0 23.1534 446.0 27.0186 
449.8 51.1360 449.6 23.1985 449.7 27.0897 
453.5 51.2809 453.3 23.2419 453.4 27.1596 
457.2 51.4233 457.0 23.2846 457.1 27.2285 
460.9 51.5628 460.7 23.3266 460.8 27.2952 
464.6 51.6986 464.4 23.3669 464.5 27.3607 
468.3 51.8326 468.1 23.4056 468.2 27.4245 
471.9 51.9654 471.7 23.4439 471.9 27.4874 
475.6 52.0963 475.4 23.4816 475.6 27.5502 
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Comparison of Basic Copper Salts in this Study 
Comparing the specific heat capacities of the three basic copper salts determined in this 
study over the relevant regions of stability, the basic copper sulphate, brochantite, appears 
to have a specific heat capacity significantly higher than the basic copper salts of chloride 
and nitrate. This direct comparison is misleading, as in order to produce specific molar 
heat capacities for these salts that are comparable to the results of other studied, the 
simplest molecular formula for the basic copper salts has been used. That means that the 
molecular formula used for the basic copper sulphate brochantite was Cu4(OH)6SO4, while 
the molecular formulas used for the basic copper chloride and nitrate salts were 
Cu2(OH)3Cl and Cu2(OH)3NO3, respectively. The specific heat capacities of the three basic 
copper salts are compared in terms of moles of copper in the solid in Figure 4-7. This 
shows more comparable specific heat capacity results. In this figure, the specific heat 
capacity of the basic copper chloride is lowest, followed by the basic copper sulphate and 
then the basic copper nitrate. The specific heat capacity of the basic copper chloride was 
also less sensitive to temperature than the sulphate and nitrate salts. The sulphate and 
nitrate salts both followed a similar trend with temperature. 
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Figure 4-7: Specific heat capacity data for precipitated basic copper salts in moles 
of copper between T = 303K and T = 477 K (Brochantite Cu4(OH)6SO4 = 452.29 g/mol, 
Clinoatacamite β-Cu2(OH)3Cl = 213.55, g/mol, Rouaite Cu2(OH)3NO3 240.12 g/mol, R = 
8.3144 J/K.mol) 
The total energy required to heat and decompose the basic copper salts and their 
respective decomposition products from 303-1266 K are compared in Table 4-10. In terms 
of both the energy to heat and decompose per gram of basic copper salt and per gram of 
copper (I) oxide produced, the basic copper sulphate mineral requires the least amount of 
energy to decompose, followed by the basic copper nitrate and then the basic copper 
chloride. The energy required to decompose the basic copper chloride per gram of copper 
(I) oxide produced is more than 4 times higher than that of the basic copper sulphate and 
nitrate. This is partially because half of the copper contained in the original solid 
sublimates to form a copper chloride gas rather than decomposing to form copper (I) 
oxide. In addition to this, the decomposition reactions and the heat capacity of the 
decomposition products simply required more energy to eventually form copper (I) oxide at 
1266 K. 
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Table 4-10: Total energy of heating and decomposing basic copper salts from 303 to 
1266 K 
Mineral QTotal (J/g-mineral 303-1266 K) QTotal (J/g-Cu2O 303-1266 K) 
Brochantite 3821 6123 
Clinoatacamite 9940 27976 
Rouaite 4761 8018 
Previous studies indicated that the decomposition reactions should result in the formation 
of SO2, CuCl and NO2 gases upon decomposition of the basic copper salts. This is due to 
the low oxygen partial pressure in the smelting and converting systems. If the 
decomposition reactions were carried out with sufficient oxygen present, SO3, Cl2 and 
HNO3 gases would form instead. In the case of the basic copper chloride, if sufficient 
oxygen gas was present, the formation of the copper chloride gas may be avoided and the 
total energy required to decompose the solid to copper (I) oxide per gram of this product 
would be significantly lower.  
In terms of the potential for drying and partially decomposing, the precipitated copper 
product prior to its addition to a copper smelter or converter, the decomposition reactions 
and temperature at which the reactions are complete provide some logical temperature 
target points for the partial decomposition step. For the basic copper sulphate product, 
pre-treating the precipitate to either approximately 750K or 1000 K would be suitable. Pre-
treating the basic copper sulphate at 750 K would result in complete de-hydroxylation of 
the solid, forming copper (II) oxide and copper sulphate. This de-hydroxylation reaction 
would avoid the formation of steam within the copper smelter or converter. Pre-treating the 
basic copper sulphate to 1000 K would result in complete de-hydroxylation and 
desulphurisation of the solid, leaving only copper (II) oxide.  
For the basic copper nitrate, pre-treating the solid to 575 K would result in de-hydroxylation 
and denitrification of the solid leaving only copper (II) oxide. This would also avoid the 
formation of steam or NO2 gas within the copper smelter or converter. 
For the basic copper chloride, the only way of pre-treating the solid while avoiding the loss 
of half of the copper value to the gas phase would be to heat the solid to approximately 
950 K in the presence of oxygen. This should cause decomposition of the solid to copper 
(II) oxide without the loss of any copper as CuCl gas. 
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Comparison with Other Studies 
The specific heat capacity temperature correlation function for the basic copper sulphate 
brochantite determined in this study is presented in Figure 4-8 in comparison with the 
specific heat capacity function reported by Barner and Scheuerman (1978) and the 
specific heat capacity data point estimated by Kwok and Robins (1973). The single heat 
capacity data point estimated by Kwon and Robins (1973) fits well with the heat capacity 
function of the basic copper salt determined in this study. The specific heat capacity 
function reported by Barner and Scheuerman (1978), on the other hand, does not fit with 
the heat capacity function of the basic copper salt determined in this study. The heat 
capacity function determined by Barner and Scheuerman (1978) indicates that the basic 
copper sulphate requires less energy to heat, and the amount of energy required is less 
sensitive to temperature, than was determined in this study. The reason for this difference 
is not clear, as the method with which the function was obtained could not be determined 
from the reference. One reason for the difference in the sensitivity of the heat capacity with 
temperature may be that the function determined by Barner and Scheuerman (1978) was 
calculated from data taken over a temperature where the basic copper sulphate had begun 
to undergo decomposition reactions. In this study, the basic copper sulphate was observed 
to begin decomposing above approximately 477 K while Barner and Scheuerman (1978) 
reported the heat capacity function of the solid up to 573 K. In this study, between 477 and 
573 K the basic copper sulphate underwent decomposition reactions to lose approximately 
2% of its mass. 
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Figure 4-8: Fitted specific heat capacity temperature correlation function of the 
basic copper sulphate brochantite from this study determined between 303 and 477 
K compared with the specific heat capacity temperature correlation function 
reported by Barner and Scheuerman (1978) and the specific heat capacity of the 
basic copper sulphate brochantite at 298 K reported by Kwok and Robins (1973) 
Bisengalieva et al. (1997) carried out similar work investigating the heat capacity of 
atacamite. They employed two different methods to determine the heat capacity; at low 
temperature (2-305K) cryogenic-adiabatic calorimetry was used while at high temperature 
(290-508K) differential scanning calorimetry was used. The specific heat capacities 
determined for clinoatacamite in the current study are presented in Figure 4-9 along with 
the findings of Bisengalieva et al. (1997). The results of this study have a better fit with the 
low temperature findings of Bisengalieva et al. (1997) than the high temperature findings 
presented in that same study. One of the main reasons for the high precision of the 
experimental measurements determined in this study was the thorough calibration and 
buoyancy correction methods used. The enthalpy and melting points of six metal 
standards (indium, tin, zinc, aluminium, silver and copper) as well as a sapphire (α-Al2O3) 
standard material were used to calibrate the instrument. In comparison, Bisengalieva et al. 
(1997) only used a sapphire (α-Al2O3) standard and a single metal (indium) reference 
substance.  
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Figure 4-9: Specific heat capacity of the basic copper chloride clinoatacamite from 
this study determined between 303 and 477 K using differential scanning 
calorimetry compared with data from Bisengalieva et al. (1997) determined between 
2 and 305 K using cryogenic-adiabatic calorimetry and data from Bisengalieva et al. 
(1997) determined between 290 and 508 K using differential scanning calorimetry. 
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4.4 Implications for Industrial Practice 
This study was carried out to gain an understanding of how the basic copper sulphate, 
chloride and nitrate solids decompose under smelting conditions and to determine the 
energy requirement of heating and decomposing these basic copper salts in the copper 
smelting operation. In industrial practice, the kinetics of the decomposition reactions and 
potential side reactions may cause variation in the decomposition route of the basic copper 
salts, especially if the precipitated solids are added directly to a smelter or converter and 
are allowed to react directly with the molten material contained within. 
The basic copper sulphate appears to be the most appropriate copper precipitate for use 
in the synergistic copper process as this salt has the lowest energy requirement for 
decomposition and does not produce any potentially undesirable gases upon 
decomposition.  
The sulphur dioxide gas derived from the decomposition of the basic copper sulphate 
should be of benefit to a smelting operation as this gas already present in the systems and 
is a valuable by-product from the smelting and converting processes. On the other hand, 
the formation of CuCl or NO2 gases within the smelting or converting systems would 
require some consideration as they may cause unwanted side reactions. 
If the precipitated copper product contains a basic copper chloride, approximately half of 
the copper contained in this phase may be lost to the gas phase if the solid is heated with 
a gas at low oxygen partial pressure, i.e. heating with copper smelter or converter off-gas 
or within a copper smelter or converter. This loss of valuable copper would represent a 
significant inefficiency in the synergistic copper process. Methods of avoiding the formation 
of basic copper chloride in the copper precipitation step may be required to avoid the loss 
of copper to the gas phase once the precipitate is added to the smelter or converter. 
The use of a pre-treatment step to dry and partially decompose the precipitated basic 
copper salt by contacting with hot copper smelter or converter off-gas is also feasible. 
Drying of the precipitated copper product may be carried out by heating the solid to just 
over 100°C or 373K, which would drive off any associated moisture. The removal of water 
of crystallisation cannot be commented on from these results as in the current study the 
precipitated salts were dried at 333K after precipitation and then stored under vacuum 
prior to the thermogravimetric analysis. This resulted in the conversion of any hydrated 
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salts to their anhydrous forms (e.g. posnjakite Cu4(OH)6SO4.H2O to brochantite 
Cu4(OH)6SO4). 
The logical temperatures for pre-treating the basic copper sulphate solid are approximately 
750K, where the solid is decomposes to copper (II) oxide and copper sulphate, or 1000 K 
where the salt decomposes to copper (II) oxide.  
One of the advantages of adding the precipitated copper solid to the copper smelter or 
converter is that the solid contains “solid oxygen” which can replace some of the oxygen 
gas blow required in the smelter or converter. This extra solid oxygen comes from the 
reduction of the copper (II) oxide to copper (I) oxide and eventually to metallic copper as 
well as from the reduction of the sulphate compound to sulphur dioxide gas. To take full 
advantage of this solid oxygen from the sulphate and copper (II) oxide, the basic copper 
sulphate should not be pre-treated to a temperature greater than approximately 800 K, 
else the oxygen derived from the sulphate decomposition reaction will not be utilised in the 
smelter or converter. 
The precipitated copper product is also expected to contain significant gypsum 
(CaSO4.2H2O) and limestone (CaCO3). Limestone is reported to decompose to calcium 
oxide and carbon dioxide between approximately 875-1350 K (Watkinson & Brimacombe 
1991). Gypsum is reported to dehydrate in two stages forming calcium sulphate 
hemihydrate and then anhydrous calcium sulphate between approximately 393-453 K and 
453-573 K (Paulik et al. 1992). Under the low oxygen partial pressures of the copper 
smelting and converting systems, the anhydrous calcium sulphate will then decompose to 
calcium oxide, oxygen and sulphur dioxide between approximately 1083-1423 K (Kuusik et 
al. 1985). Given these decomposition routes and temperatures, pre-treating the solid to 
approximately 750 K would result in removal of any steam-forming solids (from gypsum 
dehydration or basic copper sulphate de-hydroxylation) in the precipitated copper product 
prior to its addition to the copper smelter or converter.  
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4.5 Summary 
Three basic copper salts, brochantite (Cu4(OH)6SO4), clinoatacamite (Cu2(OH)3Cl) and 
rouaite (Cu2(OH)3NO3), were produced by precipitation from aqueous solution. A thorough 
calibration and buoyancy correction method was used to achieve precise 
thermogravimetric analysis and differential scanning calorimetry measurements on these 
basic copper salts under atmospheric conditions similar to a copper converter. This 
analysis has provided new specific heat capacity temperature relationship data for the 
solids over their regions of stability. This heat capacity temperature relationship data can 
be used to model the performance of the precipitated copper salts in a copper converter. 
The total energy required to heat the solids to 1266K and decompose them to cuprite 
(Cu2O) was also calculated to compare the suitability of the salts for use in the synergistic 
copper process. 
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5 Mass and Energy Balances of Synergistic Copper Converters 
5.1 Introduction 
The synergistic copper process involves feeding a precipitated copper product to a high 
temperature copper smelting or converting processes. The chemical reactions that occur 
when smelting and converting copper sulphide concentrates are highly exothermic and 
usually provide sufficient heat to sustain the processes at the required temperature. 
Excess energy may be generated by these reactions, especially during the converting 
stage of the process. To maintain the process temperature, operations often choose to 
recycle cold slag or dust to provide a heat sink for the excess energy produced. The 
synergistic process aims to take advantage of this inefficient use of energy in the copper 
smelting operation by providing a supplementary copper feed that also acts as a heat sink 
in the process therefore making use of this excess energy to produce additional copper 
metal. In Chapter 2 and Chapter 3, the expected copper precipitate phases and overall 
product composition of the precipitated copper product were determined. In Chapter 4, the 
thermal properties, decomposition route and decomposition reaction products for the 
expected copper precipitate phases were determined. To assess the technical potential for 
application of the synergistic process, the suitability of the expected precipitated copper 
product as a supplementary feed for a copper smelter or converter must be assessed.  
 Copper Smelting and Converting Technologies 5.1.1
The most relevant furnace designs for smelting and converting of copper can be 
categorised as either bath or flash smelting furnaces. The main design features of these 
reactors are the method of feeding the concentrate or matte and achieving sufficient gas 
contact (Davenport et al. 2002). 
Smelting  
Bath smelting of sulphide concentrates involves introducing the concentrate solids into a 
pool of liquid sulphide contained in a reaction vessel. The reactions occur within this bath 
of molten material. The concentrate may be introduced to the bath by depositing the solids 
onto the top surface of the melt (Noranda, AusSmelt, IsaSmelt, and Mitsubishi) or by 
injecting the solids through submerged ports (Noranda/Teniente) or unsubmerged lances 
(Mitsubishi). The surrounding molten material then melts the solid concentrate. Oxidation 
of the liquid sulphide melt in the bath smelting reactor may be carried out through injecting 
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gas through submerged ports known as tuyeres (Peirce Smith, Noranda, Teniente), 
through a top-submerged lance (AusSmelt, IsaSmelt) or through a top unsubmerged lance 
(Mitsubishi). The various designs may aim to inject the gas into either the molten matte or 
slag phases. 
Bath smelting furnaces are usually fed in a continuous fashion. The molten slag and matte 
phases produced may be tapped or syphoned from the furnace continuously or 
intermittently. Off-gas collection methods depend on the methods of feeding the reactor, 
as the feeding port location and design affect the flow of the gas. 
Flash smelting of sulphide concentrates involves introducing finely ground matte solids into 
a hot reactor space in conjunction with air or oxygen enriched air. The fine particles of 
concentrate react with the surrounding hot gas and melt very quickly as they fall. The 
matte and oxide droplets formed from the reaction form a pool underneath the reaction 
space and settle under the influence of gravity into separate molten layers in the hearth 
section of the reactor. The furnace is fed continuously and may be tapped continuously or 
in a batch wise fashion. Off-gas is easily collected from the flash furnace by applying a 
negative pressure above the tapping end of the hearth section of the reactor. 
Converting  
The majority of copper converting is carried out using a type of bath furnace known as a 
Peirce-Smith converter. PS converters are fed with molten matte and reacted with oxygen 
and flux in a batch wise fashion. These reactors have significant issues with fugitive 
emissions of off-gas due to the large open mouth required to allow molten matte feeding. A 
recent trend in the copper smelting industry has been to move away from the use of PS 
converters and instead look at the use of continuous converting technologies. Continuous 
converting reactor designs include the Mitsubishi, AusSmelt, IsaConvert (IsaSmelt) and 
Flash furnaces. The only major variation in the design and operation of these technologies 
for copper converting when compared to their application for copper smelting is the 
method of feeding the matte.  
Like the Peirce-Smith converter, the Mitsubishi furnace is fed molten matte directly from 
the smelter, however the smelter and converter are usually connected through a series of 
launders rather than through overhead crane transferred crucibles. This allows continuous 
operation of both the smelting and converting processes. The AusSmelt and IsaConvert 
Top-Submerged Lance technologies for continuous copper converting are usually 
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designed to take cooled and crushed matte particles in the same way that the smelting 
furnaces are fed concentrates. The cooled and crushed matte can be fed in through the 
top feed port of the reactor via conveyor. Flash converting of matte requires the matte to 
be cooled, crushed, ground and dried before it may be introduced to the flash furnace.  
Direct to Copper Flash Smelting 
A variation of the flash smelting process involves the direct production of molten copper 
from fine particulate sulphide concentrates in a single reactor. This direct smelting process 
is undertaken commercially when the concentrate is of high grade and the slag volume 
produced because of the reactions is relatively small. The product of the reactor is blister 
copper rather than matte, along with the usual slag and off-gas. 
Feeding PCP 
An important factor for application of the synergistic copper process is the method of 
feeding the PCP into the copper smelter or converter. Two factors that require 
consideration are (1) the fine particle size of the precipitate may cause dusting and related 
gas cleaning and operational health and safety issues and (2) if the PCP is not well 
dispersed within the furnace, the endothermic nature of the solid decomposition may 
cause localised cool spots which would hinder the furnace performance. In most cases, 
the PCP could be fed in to the smelter or converter through the same method as the 
concentrate or crushed matte. This may mean injecting the PCP through submerged 
tuyeres (Noranda/Teniente), through the lance (Mitsubishi), through burners into the hot 
reactor space (Flash) or simply via conveyor and feed port (AusSmelt, IsaSmelt, 
IsaConvert). Alternatively, most furnace designs incorporate a feed port for the addition of 
other materials to the furnace that could also be used for feeding the PCP. The 
precipitated solid may also be agglomerated or pelletised prior to addition to the furnace to 
avoid dusting issues.  
 Copper Smelting and Converting Slag Systems 5.1.2
One of the most important operating conditions in a copper smelter or converter is the 
composition of the slag phase. The slag phase is a solution of molten oxides. It consists of 
mostly ferric and ferrous oxides along with oxide impurities present in the concentrate. 
Alumina, silica, lime and magnesia may all be present in the concentrate and subsequently 
partition to the slag phase. To achieve and maintain a molten slag phase, the presence or 
addition of a fluxing compound is required. Silica is the most common flux used in copper 
184 
smelting although a significant number of operations use lime in combination with or in 
place of silica.  
The specific components and conditions of the slag phase in copper smelting are very 
important for efficient operation of the process. One of the key performance criteria for a 
smelter is the copper loss to the slag phase. Copper can be lost to the slag phase as 
either a sulphide or oxide or metallic phase and through the mechanisms of entrainment or 
dissolution.  
In general, three distinct slag compositions are used for the smelting and converting of 
copper. The most common slag composition is a ferro silicate slag, which is composed of 
mainly silica and iron oxides with very little calcium oxide. As the precipitated copper 
product is expected to contain significant gypsum and unreacted limestone, supplementing 
the feed of a converter targeting a ferro silicate slag composition would not be appropriate 
as it would introduce unwanted calcium. The two other common slag compositions are a 
calcium ferrite slag and a calcium ferro silicate slag. 
The Mitsubishi and Outokumpu flash continuous converters are both designed with oxygen 
contacting above the surface of a bath of the molten phases (Ajima et al. 1993). Through 
the development of these processes, it was found that blowing the oxygen onto the 
surface of a ferro silicate slag resulted in the formation of a solid crust of magnetite, which 
blocked the oxygen from entering further into the bath, and stopped the converting 
process. To avoid this, Goto and Hayashi (1998) developed the use of a calcium oxide 
based slag. The calcium oxide reacts with magnetite, molten copper and oxygen to form 
molten calcium ferrite slag (Goto & Hayashi 1998). This calcium ferrite slag contains 
effectively no silica.  
A ternary diagram showing the composition region within which the slag phase is fully 
liquid at 1250°C, adapted from Hidayat et al. (2015) is shown in Figure 5-1. The additional 
experimental data points shown on this figure are from Nikolic et al (2009b), Zhao et al. 
(2009) and Ilyushechkin et al. (2004). 
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Figure 5-1: Composition of phases in the CaO - Cu2O - “Fe2O3” (CF) system 
equilibrated with metallic copper at 1250°C (wt. %) adapted from Hidayat et al. 
(2015). (Hidayat et al. 2015) (Ilyushechkin et al. 2004), (Nikolic et al. 2009b) and (Zhao 
et al. 2009) 
The range of calcium ferrite slag compositions recommended by Nikolic et al (2009a, 
2009b) at 1250°C are shown in Figure 5-2. 
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Figure 5-2: Calcium ferrite (CF) slag composition limits in the Cu2O - "Fe2O3" - CaO 
system at 1250°C (wt. %). (Nikolic et al. 2009a), (Nikolic et al. 2009b). 
The slag compositions shown in Table 5-1 represent these recommended composition 
limits of the calcium ferrite slag region at 1250°C. 
Table 5-1: Calcium ferrite (CF) slag composition limits (wt. %). (Nikolic et al. 2009a), 
(Nikolic et al. 2009b) 
Slag CF1 CF2 CF3 CF4 
Fe2+/Fe3+ 0.25 0.37 0.37 0.43 
CaO/Fe 0.59 0.33 0.54 0.48 
Cu2O% 18.0% 20.0% 9.0% 8.0% 
An alternative to the calcium ferrite slag is the use of both calcium and silica fluxes in the 
production of a calcium ferro silicate slag.  
A ternary diagram showing the composition region within which the slag phase is fully 
liquid at 1250°C, adapted from the ARC Linkage Cu Slag Atlas produced by PyroSearch 
(2012) is presented in Figure 5-3. The experimental data points shown on this diagram are 
sourced from Nikolic et al. (2008c) and Hidayat et al. (2011). 
CF2
CF4
CF3CF1
Calcium ferrite slag
(Nikolic et al. 2009a,
2009b)
CaO
"Fe2O3"
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Figure 5-3: Composition of phases in the SiO2 – CaO - “FeO” (CFS) system 
equilibrated with metallic copper at 1250°C (wt. %) adapted from the PyroSearch 
Copper Slag Atlas (2012). (Pyrosearch 2012), (Nikolic et al. 2008c), (Hidayat et al. 
2012). 
Two different ranges of calcium ferro silicate slag compositions are recommended by 
Hughes et al (2010) and Nikolic et al (2008, 2008a, 2008b, 2008c). These recommended 
calcium ferro silicate slag compositions are shown in Figure 5-4. 
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Figure 5-4: Calcium ferro silicate (CFS) slag composition limits in SiO2 - CaO - 
"Fe2O3" at 1250°C (wt. %). (Hughes et al. 2010), (Nikolic et al. 2008d), (Nikolic et al. 
2008a), (Nikolic et al. 2008b), (Nikolic et al. 2008c) 
The slag compositions shown in Table 5-2 represent the composition limits of the calcium 
ferrite slag region at 1250°C recommended by Hughes et al (2010). 
Table 5-2: Calcium ferro silicate (CFS) slag composition limits (wt. %). (Hughes et al. 
2010) 
Slag CFS1 CFS2 CFS3 CFS4 CFS5 CFS6 
Fe2+/Fe3+ 2.29 0.94 1.67 0.72 1.20 1.64 
Fe/SiO2 1.14 1.14 2.11 2.11 2.11 1.14 
CaO/Fe 0.15 0.92 0.15 0.92 0.42 0.39 
Cu2O% 12.5% 12.5% 12.5% 12.5% 12.5% 12.5% 
CFS1 to CFS4 are the composition limits specified by Hughes et al (2010) while CFS5 and 
CFS6 are slag compositions within the defined calcium ferro silicate slag region. Hughes 
et al (2010) did not specify the Cu2O% in slag at the composition limits so an average of 
the values provided has been used.  
The slag compositions shown in Table 5-3 represent the composition limits of the calcium 
ferrite slag region at 1250°C recommended by Nikolic et al (2008, 2008a, 2008b, 2008c). 
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Table 5-3: Alternative calcium ferro silicate (CFS) slag composition limits (wt. %). 
(Nikolic et al. 2008d), (Nikolic et al. 2008a), (Nikolic et al. 2008b), (Nikolic et al. 2008c) 
Slag CFS7 CFS8 CFS9 CFS10 
Fe2+/Fe3+ 2.80 1.27 1.29 3.02 
Fe/SiO2 0.71 0.56 0.71 0.56 
CaO/Fe 0.98 2.16 1.68 1.26 
Cu2O% 4.5% 6.0% 6.0% 4.5% 
The ferrous to ferric iron ratio in these slag compositions were calculated in the FactSage 
thermodynamic modelling package using the EQUILIB program and the FACT53 
Database (Bale et al. 2010). 
 Precipitated Copper Product 5.1.3
The thermodynamically and kinetically favourable copper phases and as well as the 
expected composition of the precipitated copper product have been determined through 
Chapters 2 and 3 of this thesis. Upon addition to a copper smelter or converter, the basic 
copper sulphate will decompose to metallic copper, sulphur dioxide, oxygen and water. 
The gypsum in the solid will break down to its constituents of calcium oxide, sulphur 
dioxide, oxygen and water upon heating while any limestone will breakdown to calcium 
oxide and carbon dioxide. 
This raw precipitated copper product may be suitable to charge directly into a smelter or 
converter however, it contains significant gypsum and associated moisture. These phases 
will require energy to decompose in the copper converter while contributing no extra 
copper throughput. A method of removing some gypsum from the precipitated copper 
product through physical classification and separation has been suggested. For the 
purposes of this study, it was assumed that this method could be used to remove half of 
the gypsum contained in the raw precipitated product. Drying of this classified product at 
approximately 100°C should remove any associated moisture further enhancing the grade 
of the precipitate. Finally, in Chapter 4, a method of pre-treating the precipitated product at 
477°C was suggested. Pre-treating the classified product at this temperature prior to its 
addition to a copper smelter would to allow the basic copper sulphate to decompose to 
copper (II) oxide and copper sulphate while the gypsum dehydrates to form calcium 
sulphate. Table 5-4 shows the expected copper compound and elemental compositions 
through these modifications and treatments. 
190 
Table 5-4: Composition of the precipitated copper product feed determined in 
Chapter 3 and through stages of classification, drying and pre-treatment at 477°C 
(wt. %). 
 Basic Copper Sulphate Gypsum Limestone Associated Moisture 
Raw PCP 60% 34% 0% 6% 
Classified 72% 20% 0% 7% 
Classified and 
Dried 
78% 22% 0% 0% 
 
 Copper (II) Oxide Copper Sulphate Calcium Sulphate 
Classified and 
Pre-Treated 
48% 32% 20% 
 
 
  
 Cu Ca S CO3 O, OH and H2O 
Raw PCP 34% 8% 11% 0% 48% 
Classified 41% 5% 9% 0% 46% 
Classified and 
Dried 
44% 5% 10% 0% 41% 
Classified and 
Pre-Treated 
51% 6% 11% 0% 32% 
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5.2 Copper Converter Mass and Energy Balance 
To assess the suitability of this expected precipitated copper product as a supplementary 
feed for a copper smelter or converter, an adaptable copper converter mass and energy 
balance was developed. A simple block flow diagram of a copper converter, which formed 
the basis of the mass and energy balance, is shown in Figure 5-5.  
Copper 
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Cu2S
FeS
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CaCO3
SiO2
PCP
CuSO4.3Cu(OH)2
CuO
CuSO4
CaSO4.2H2O
CaSO4
CaCO 3
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N2
CO2
SO2
H2O
Slag
FeO
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Cu2O
Blister Copper
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Figure 5-5: Copper converter block flow diagram 
 Method 5.2.1
5.2.1.1 Mass Balance 
The copper converter was fed a copper matte, a mixture of limestone and silica flux, the 
PCP, and a mixture of oxygen and nitrogen gas. To assess different operating scenarios, 
the matte grade (60 or 70 wt. % copper) and oxygen enrichment (21, 30, 40 and 50 vol. % 
oxygen) were varied. The four different compositions for the PCP (raw, classified, dried 
and pre-treated) shown in Table 5-4 were used for the PCP feed.  
The converter produced a mixture of nitrogen, carbon dioxide, sulphur dioxide and steam 
as off-gas, an iron oxide containing slag and blister copper through the reactions described 
in Table 5-5.  
The slag and therefore fluxing requirements were varied based on slag compositions 
determined from literature with the ferrous to ferric iron ratio in these slags calculated by 
the Factsage thermodynamic modelling package using the EQUILIB program and the 
FACT53 Database (Bale et al. 2010). The gas blow flow rate was calculated to provide 
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sufficient oxygen for all of the reactions with no excess oxygen addition i.e. 100% oxygen 
efficiency. 
A set of fourteen slag compositions (Fe:Si:Ca ratio and wt.% Cu2O) were selected using 
either calcium ferrite or calcium ferro silicate slag systems. The four calcium ferrite slag 
compositions were labelled CF1 to CF4. The ten calcium ferro silicate slag compositions 
were labelled CFS1 to CFS10.  
Given the above specifications – matte grade, PCP composition, gas composition, 
reactions and slag composition, the assumption that no oxygen remains in the off-gas and 
a flow rate basis, the mass balance for this generic copper converter is trivial.  
5.2.1.2 Energy Balance 
The energy balance was calculated by summing the enthalpy added to the converter in the 
feed streams, the enthalpy produced or consumed by the chemical reactions, and the 
enthalpy removed in the product streams, using a standard state of 25°C. Hence, the 
difference in enthalpy between of the feed streams at their respective temperatures and at 
the standard temperature constituted the enthalpy fed to the reactor. The enthalpy 
produced or consumed by the reactions was calculated from the enthalpy change of the 
reactions at the standard temperature as shown in Table 5-5. The difference in enthalpy of 
the product streams at the standard temperature and at their respective temperatures 
constituted the enthalpy removed from the reactor. The enthalpy changes for the feed and 
product streams took into account the relevant phase changes of each of the components 
of these streams. All of the enthalpy of reaction and enthalpy change calculations were 
determined using thermodynamic data from the FACT53 Database (Bale et al. 2010) 
except in the case of the basic copper sulphate. The enthalpy change of the basic copper 
sulphate feed was determined using the heat capacity data calculated in Chapter 4. The 
enthalpy change associated with the basic copper sulphate reaction was calculated using 
standard enthalpy data from FactSage. All enthalpy change data used in the mass and 
energy balance calculations is presented in Appendix 3. 
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Table 5-5: Copper converter reactions 
Reaction 
Extent of 
reaction 
∆Hrxn at 25°C 
(J/mol) 

. 
 → 
 +  + 
@

 + F 100% 1,033,900 
.  →  +  +
@

 + F 100% 519,037 

 → 
 +
@

 100% 156,063 

 → 
 +  +  100% 473,140 
 →  +  +
@

 100% 502,176 
 →  +  100% 178,054 

 +  → 
 +  100% -200,660 

 +
@

 → 
 
Determined by 
slag composition 
-170,707 
nK + @
@

 → nK +  
Determined by 
slag composition 
-463,224 
nK + 
@

 → nK +  
Determined by 
slag composition 
-1,220,571 
The temperature of all of the products was set at 1250°C while the temperature of the flux 
and the gas blow were set at 25°C. The temperature of the matte and the PCP feed 
streams were varied to reflect different converter technology operating conditions. To 
simulate a Peirce Smith or continuous Mitsubishi converter where molten matte is fed 
while the PCP may be added through an additional feed port, the temperature of the matte 
was set at 1250°C while the PCP was set at 25°C. To simulate a Flash converter, where 
finely ground and dried matte is fed to the converter and the PCP may be blended with this 
matte prior to drying, the temperature of both the matte and the PCP were set at 120°C. 
Finally, to simulate a Top-Submerged Lance (TSL) converter feeding cooled and crushed 
matte, the temperature of both the matte and the PCP were set at 25°C. An extra factor 
included in the energy balance was a fixed loss of 2.5 MW from the converter to simulate 
energy loss through the walls of the reactor. Coursol et al (2010) used a self-referenced 
value of 3 kWh/t-Cu for their energy balance calculations (Coursol et al. 2010). This would 
equate to only 0.15 MW at 50 t-Cu/hr. so the estimate of 2.5 MW is a conservative 
estimate. 
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As a basis, the blister copper production was fixed at 50 t-Cu/hr., which also allowed direct 
comparison of the balance results. This then gave a set of 1344 mass and energy balance 
scenarios to be simulated (14 slag compositions, 3 furnace types at varying matte and 
PCP feed temperatures, 2 matte grades, 4 oxygen enrichment levels and 4 PCP feed 
compositions as specified in Table 5-4). Each mass and energy balance was calculated by 
solving for the PCP feed rate at which the converter energy was in balance or when all 
limestone flux was sourced from the PCP. In effect, the balance calculated whether the 
operating conditions specified would result in the production of excess energy. The 
balance then added the PCP, with the matte, oxygen blow and flux feed rates decreasing 
proportionately, until the excess energy in the converter was balanced or until the required 
slag composition was achieved with flux derived solely from the PCP feed. In the cases 
where the slag composition was achieved solely from the PCP feed, excess energy was 
still available in the converter; however, increasing the feed of PCP would have resulted in 
a potentially undesirable slag composition. 
At this stage, it is important to note that copper converters do not normally operate under 
conditions where excess energy is generated. Rather the converter operators would 
decrease the oxygen enrichment or feed extra recycled slag or another heat sink to the 
converter to maintain the desired process temperature and achieve energy balance.  
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5.3 Results  
The range of mass and energy balance scenarios showed that in general, lower matte 
grade, higher oxygen enrichment, and higher feed temperatures lead to excess energy 
present in the converter.  
The aim of these calculations was to highlight that under certain operating conditions there 
is sufficient energy in the copper converter to produce a significant amount of copper from 
the PCP. To show this, the mass and energy balance results have been described in 
terms of the amount copper in each scenario sourced from the PCP compared to copper 
from the matte at the fixed blister copper production rate of 50 t-Cu/hr. To give an 
example, 22 t-Cu/hr may be sourced from the PCP while 32 t-Cu/hr may be sourced from 
the matte with 4 t-Cu/hr lost to the slag phase. This would result in 50 t-Cu/hr production of 
blister copper with 68.75 wt. % (22/32*100%) copper from PCP compared to copper from 
matte. Similar information for oxygen was also calculated, showing the amount of oxygen 
derived from the PCP as a percentage of the oxygen from the gas blow. For lime, the 
percent of the total lime required provided by the PCP was calculated as in some cases, 
all required lime was sourced from the PCP. 
The copper from PCP, oxygen from PCP and lime from PCP for the slag composition 
scenarios with the highest percent copper from PCP have been summarised Table 5-6 to 
Table 5-9. The copper from PCP, oxygen from PCP and lime from PCP results from every 
scenario that could achieve energy balance are also shown in Appendix 3.  
For the Mitsubishi and Peirce Smith converter scenarios, “excess energy” was available 
with all PCP feeds, at both matte grades (60% and 70% Cu) and at all oxygen enrichment 
levels (50%, 40%, 30%, 21% O2) except 70% Cu and 21% O2.  
For the Flash converter scenarios, “excess energy” was not available below an oxygen 
enrichment of 40% with calcium ferrite slags or below 40% oxygen enrichment at 60% Cu 
matte and below 50% oxygen enrichment with a 70% Cu matte with a calcium ferro silicate 
slag. 
For the TSL converter scenarios “excess energy” was not available below 40% oxygen 
enrichment at 60% Cu matte and below 50% oxygen enrichment with a 70% Cu matte. 
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Continuous Mitsubishi Converter 
A summary of the mass and energy balance results for the Mitsubishi scenarios is shown 
in Table 5-6. The Mitsubishi continuous converter only uses calcium ferrite slag so the 
other slag types have not been shown in this table. The results indicate that with the raw 
PCP, in most scenarios 10-24% of copper can be sourced from the PCP. At the same 
time, the oxygen blow can also be decreased by 10-24% while fluxing with lime can be 
decreased by 50-100%. As the PCP feed is upgraded from the raw precipitate through 
classification, drying and then pre-treatment at 477°C, the extra copper throughput and 
decrease in oxygen and lime addition generally increase. With classified PCP, these 
measures of operational efficiency change to approximately 15-28%, 15-25% and 50-80% 
respectively. With dried PCP, in most scenarios these measures increase to approximately 
15-32%, 20-30% and 50-90% respectively. With pre-treated PCP in the Mitsubishi 
Converter, in most scenarios these measures increase to 20-40%, 20-40% and 60-100% 
respectively. The maximum amount of copper that could be sourced from the PCP 
calculated in the mass and energy balance for a Mitsubishi Converter was 40% with the 
pre-treated PCP fed to a converter with a matte feed grade of 60%, 50% oxygen 
enrichment and the CF2 slag type. In this scenario, approximately 39% of oxygen was 
sourced from the PCP while 75% of lime flux was sourced from the PCP.  
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Table 5-6: Mitsubishi converter, calcium ferrite slag mass and energy balance 
scenario results summary 
PCP Feed Type 
Matte 
Grade (wt. 
% Cu) 
Oxygen 
(Vol. %) 
Slag Type 
Cu from 
PCP (wt. 
%) 
Oxygen 
from PCP 
(wt. %) 
CaO from 
PCP (wt. 
%) 
Raw PCP 
60 
50 CF2 24.3 23.7 92 
40 CF2 20.9 19.7 79.1 
30 CF2 14.7 13.1 55.4 
21 CF2 2 1.6 7.7 
70 
50 CF4 13.7 18.3 84.1 
40 CF2* 11.2 14.4 100 
30 CF2 8.3 10.2 73.4 
Classified PCP 
60 
50 CF2 28.3 24.7 53.6 
40 CF2 24.4 20.5 46.1 
30 CF2 17.1 13.6 32.4 
21 CF2 2.4 1.7 4.5 
70 
50 CF2 17.8 21.3 78.9 
40 CF2 14.9 17.3 66.2 
30 CF2 9.6 10.6 42.8 
Dried Classified 
PCP 
60 
50 CF2 32.3 29 61 
40 CF2 27.9 24.1 52.7 
30 CF2 19.7 16 37.3 
21 CF2 2.8 2 5.3 
70 
50 CF2 20.2 25 89.9 
40 CF2 17 20.3 75.7 
30 CF2 11.1 12.4 49.4 
Pre-treated PCP 
60 
50 CF2 40.4 39.2 75.1 
40 CF2 35.3 32.6 65.5 
30 CF2 25.5 21.6 47.3 
21 CF2 3.8 2.7 7 
70 
50 CF2* 22.9 29.2 100 
40 CF2 21.6 27.1 94.1 
30 CF2 14.3 16.5 62.6 
* In these cases, the specified slag composition was limited by calcium oxide in the PCP 
and excess energy was available. 
 
Peirce-Smith Converter 
The mass and energy balance results for the Peirce Smith scenarios using calcium ferro 
silicate slag are shown in Table 5-7. The results for the Peirce Smith converter using 
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calcium ferrite slag are the same as those for the Mitsubishi Converter. The results 
indicate that with the raw PCP, in most scenarios 10-20% of copper can be sourced from 
the PCP. At the same time, the oxygen blow can also be decreased by 10-18% while 
fluxing with lime can be decreased by 40-100%. As the PCP feed is upgraded from the 
raw precipitate through classification, drying and then pre-treatment at 477°C, the extra 
copper throughput and decrease in oxygen and lime addition generally increase. With 
classified PCP, these measures of operational efficiency increase to approximately 15-
25%, 10-21% and 40-100% respectively. With dried PCP, in most scenarios these 
measures increase to approximately 10-25%, 15-21% and 50-100% respectively. With 
pre-treated PCP in the Peirce Smith Converter, in most scenarios these measures 
increase to 20-30%, 20-28% and 60-100% respectively. The maximum amount of copper 
that could be sourced from the PCP calculated in the mass and energy balance for a 
Peirce Smith converter with a calcium ferro silicate slag was 31% with the pre-treated PCP 
fed to a converter with a matte feed grade of 60%, 50% oxygen enrichment and the CFS5 
slag type. In this scenario, approximately 28% of oxygen was sourced from the PCP while 
45% of lime flux was sourced from the PCP. The CFS3 and CFS1 slag types also had high 
copper from PCP results under these conditions although these scenarios were limited by 
the amount of lime in the PCP. 
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Table 5-7: Peirce Smith converter, calcium ferro silicate slag mass and energy 
balance scenario results summary 
PCP Feed Type 
Matte 
Grade (wt. 
% Cu) 
Oxygen 
(Vol. %) 
Slag Type 
Cu from 
PCP (wt. 
%) 
Oxygen 
from PCP 
(wt. %) 
CaO from 
PCP (wt. 
%) 
Raw PCP 
60 
50 CFS5^ 18.4 17.5 54.7 
40 CFS5^ 14.9 13.7 44.2 
30 CFS3* 11.8 10.8 100 
21 CFS3 1.8 1.5 14.6 
70 
50 CFS5^ 12.7 16.9 88.9 
40 CFS5^ 10.2 13.1 71.3 
30 CFS5^ 5.6 6.8 39.3 
Classified PCP 
60 
50 CFS1*^ 24 21.1 100 
40 CFS3 23.3 20.3 97.1 
30 CFS3 16.3 13.4 67.9 
21 CFS3 2.1 1.5 8.6 
70 
50 CFS5^ 14.8 17.5 51.8 
40 CFS5^ 11.9 13.6 41.6 
30 CFS3* 9.3 10.4 90.9 
Dried Classified 
PCP 
60 
50 CFS5^ 24.4 21.2 36.2 
40 CFS1^ 23.7 20.7 98.7 
30 CFS3 18.8 15.7 78.3 
21 CFS3 2.4 1.8 10.1 
70 
50 CFS5^ 16.9 20.5 58.9 
40 CFS5^ 13.6 15.9 47.6 
30 CFS1* 10.2 11.5 100 
Pre-treated PCP 
60 
50 CFS5^ 30.6 28 44.6 
40 CFS5^ 25.1 21.9 36.7 
30 CFS3 24.3 21.2 99.2 
21 CFS3 3.3 2.4 13.3 
70 
50 CFS5^ 21.2 27 72.5 
40 CFS5^ 17.2 20.9 59.1 
30 CFS3*^ 10.4 11.7 100 
^ In these cases, the alternative slag compositions were limited by calcium oxide in the 
PCP and not by the energy balance. 
* In these cases, the specified slag composition was limited by calcium oxide in the PCP 
and excess energy was available. 
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Continuous Flash Converter 
The mass and energy balance results for the Flash converter scenarios are shown in 
Table 5-8. The matte feed to a flash converter is typically cooled, crushed and dried at 
approximately 120°C. The PCP was assumed to be included in this drying stage, which 
means that the raw and the classified PCP feeds would be dried prior to addition to the 
converter. As such, the scenarios with these feed types would not be possible and have 
been discarded from the results of this chapter. 
The results indicate that with the dried classified PCP, in most scenarios 4-12% of copper 
can be sourced from the PCP. At the same time, the oxygen blow can also be decreased 
by 4-10% while fluxing with lime can be decreased by 10-45%. If the PCP feed is 
upgraded further with a pre-treatment at 477°C, the extra copper throughput and decrease 
in oxygen and lime addition increase to approximately 5-15%, 5-12% and 16-55% 
respectively. The maximum amount of copper that could be sourced from the PCP 
calculated in the mass and energy balance for a Flash converter was 15% with the pre-
treated PCP fed to a converter with a matte feed grade of 60%, 50% oxygen enrichment 
and the CF2 slag type. In this scenario, approximately 12% of oxygen was sourced from 
the PCP while 28% of lime flux was sourced from the PCP. In general, the calcium ferrite 
slag scenarios showed better performance with the PCP than the calcium ferro silicate 
slag scenarios in a Flash converter. 
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Table 5-8: Flash converter, calcium ferrite and calcium ferro silicate slag mass and 
energy balance scenario results summary 
Slag Type 
PCP Feed 
Type 
Matte 
Grade (wt. 
% Cu) 
Oxygen 
(Vol. %) 
Slag Type 
Cu from 
PCP (wt. 
%) 
Oxygen 
from PCP 
(wt. %) 
CaO from 
PCP (wt. 
%) 
Calcium 
Ferrite Slag 
Dried 
Classified 
PCP 
60 
50 CF2 12.3 9.4 23.2 
40 CF2 6.9 5.1 13.1 
70 
50 CF2 4.1 4.3 18.4 
40 CF2 0.2 0.2 0.8 
Pre-treated 
PCP 
60 
50 CF2 15.2 11.8 28.2 
40 CF2 8.6 6.4 16 
70 
50 CF2 5.1 5.3 22.4 
40 CF2 0.2 0.2 1 
Calcium 
Ferro 
Silicate 
Slag 
Dried 
Classified 
PCP 
60 
50 CFS3 10.9 8.5 45.3 
40 CFS3 5.7 4.3 23.6 
70 50 CFS3 3.6 3.7 34.8 
Pre-treated 
PCP 
60 
50 CFS3 13.5 10.8 55.1 
40 CFS3 7.1 5.4 28.9 
70 50 CFS3 4.4 4.6 42.3 
 
Continuous TSL Converter 
The mass and energy balance results for the TSL converter scenarios are shown in Table 
5-9.The results indicate that with the raw PCP, in most scenarios 4-9% of copper can be 
sourced from the PCP. At the same time, the oxygen blow can also be decreased by 3-7% 
while fluxing with lime can be decreased by 14-63%. As the PCP feed is upgraded from 
the raw precipitate through classification, drying and then pre-treatment at 477°C, the extra 
copper throughput and decrease in oxygen and lime addition generally increase. With 
classified PCP, these measures of operational efficiency change to approximately 4-10%, 
3-8% and 10-37% respectively. With dried PCP, in most scenarios these measures 
increase to approximately 5-11%, 3-9% and 12-42% respectively. With pre-treated PCP in 
the Peirce Smith Converter, in most scenarios these measures increase to 6-14%, 4-11% 
and 14-51% respectively. The maximum amount of copper that could be sourced from the 
PCP calculated in the mass and energy balance for a TSL converter was 14% with the 
pre-treated PCP fed to a converter with a matte feed grade of 60%, 50% oxygen 
enrichment and the CF2 slag type. In this scenario, approximately 11% of oxygen was 
sourced from the PCP while 26% of lime flux was sourced from the PCP. In general, the 
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calcium ferrite slag scenarios showed better performance with the PCP than the calcium 
ferro silicate slag scenarios in a TSL converter.  
Table 5-9: Top-Submerged Lance converter, calcium ferrite and calcium ferro 
silicate slag mass and energy balance scenario results summary 
Slag Type 
PCP Feed 
Type 
Matte 
Grade (wt. 
% Cu) 
Oxygen 
(Vol. %) 
Slag Type 
Cu from 
PCP (wt. 
%) 
Oxygen 
from PCP 
(wt. %) 
CaO from 
PCP (wt. 
%) 
Calcium 
Ferrite 
Slag 
Raw PCP 
60 
50 CF2 8.5 7.2 32.3 
40 CF2 4.6 3.7 17.3 
70 50 CF2 2.2 2.6 19.9 
Classified 
PCP 
60 
50 CF2 9.9 7.5 18.8 
40 CF2 5.3 3.9 10.1 
70 50 CF2 2.6 2.7 11.6 
Dried 
Classified 
PCP 
60 
50 CF2 11.3 8.6 21.4 
40 CF2 6.1 4.5 11.6 
70 50 CF2 3.0 3.0 13.2 
Pre-treated 
PCP 
60 
50 CF2 14.2 11.0 26.4 
40 CF2 7.7 5.7 14.4 
70 50 CF2 3.7 3.8 16.3 
Calcium 
Ferro 
Silicate 
Slag 
Raw PCP 
60 
50 CFS3 7.5 6.6 62.7 
40 CFS3 3.7 3.1 30.8 
70 50 CFS3 1.8 2.1 35.5 
Classified 
PCP 
60 
50 CFS3 8.8 6.8 36.5 
40 CFS3 4.3 3.2 17.9 
70 50 CFS3 2.1 2.2 20.7 
Dried 
Classified 
PCP 
60 
50 CFS3 10.0 7.8 41.6 
40 CFS3 4.9 3.7 20.5 
70 50 CFS3 2.4 2.5 23.6 
Pre-treated 
PCP 
60 
50 CFS3 12.5 9.9 51.2 
40 CFS3 6.2 4.7 25.5 
70 50 CFS3 3.0 3.1 29.0 
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5.4 Implications for Industrial Practice 
This mass and energy balance study was carried out to investigate the suitability of the 
expected precipitated copper product as a supplementary feed for a copper converter. The 
results of these calculations indicate that in a Mitsubishi converter or a Peirce Smith 
converter utilising a calcium ferrite slag, sufficient energy may be generated by the 
converting reactions that up to 40% of the copper feed could be sourced from a PCP pre-
treated at 477°C. Ignoring physical throughput limits on the converter, this result indicates 
it may be possible to increase the total copper throughput in a Mitsubishi or Peirce Smith 
converter by up to 40%. This demonstrates that supplementing the feed to a copper 
converter with the PCP is a technically feasible undertaking. The Mitsubishi and Peirce 
Smith converter scenarios demonstrated the highest levels of PCP feed supplementation. 
This is because these converters are fed with molten matte, which introduced significantly 
more thermal energy to the converting furnace. 
One of the major reasons that this potential throughput increase is so large is due to the 
proportional decrease in the gas blow rate. That means that there is less inert nitrogen gas 
fed to the converter, which in turn means that less energy is lost to the off-gas stream and 
more energy is available for copper production. This also has the benefit of increasing the 
sulphur dioxide concentration within the off-gas stream which should improve efficiency in 
the off-gas capture and treatment processes. 
The mass and energy balance study also demonstrated that converters operating with 
calcium ferrite slag types are more suitable for use with the supplementary PCP feed. This 
is because the calcium ferrite slag does not include any silica, which means that in most 
cases a lower mass of flux is fed to the converter and therefore less energy is required to 
heat the flux to the required operating temperature. 
The main limitations on the amount of extra copper throughput that could be gained were 
the calcium and the moisture in the PCP. These limits were due to the energy balance in 
the converter and the composition of the slag. In general, each stage of upgrading of the 
PCP, i.e. classification, drying and pre-treatment at 477°C, resulted in an increase in the 
copper sourced from PCP of 15-25% at fixed converter operating conditions. Therefore, 
the overall increase in copper sourced from PCP when changing the feed from the raw 
PCP to the pre-treated PCP was typically between 50 and 80%. These amount of copper 
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sourced from PCP could be further increased by optimising reagent utilisation and gypsum 
exclusion in the precipitation stage to minimise calcium in the PCP. 
While the mass and energy balance results show favourable results in a significant 
number of cases, it is important to note that the precipitate composition and behaviour 
described here are not be exactly representative of what would occur in industrial practice. 
Variation would occur in the precipitate composition due to the use of simplified 
experimental systems i.e. no iron was present in the precipitation tests, analytical reagents 
were used rather than industrial reagents. The presence of iron would clearly impact on 
the precipitate composition. The use of a lower grade industrial reagent may introduce 
additional components such as magnesium carbonate, alumina and silica. These 
components would also have an impact on the composition of the precipitate and the 
converter performance. In terms of the precipitate behaviour, this mass balance paper 
study does not take into account the physical properties of the precipitate, such as its 
tendency to form dust and report with the gas phase.  
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5.5 Summary 
The suitability of the synergistic copper process for production of a copper converter 
supplementary feed was investigated through the use of an adaptable copper converter 
mass and energy balance with matte feed supplemented by a precipitated copper product. 
Scenarios tested with this adaptable mass and energy balance included Mitsubishi, Peirce 
Smith, Flash and Top-Submerged Lance converters operating with calcium ferrite or 
calcium ferro silicate slags. The results of the calculated mass and energy balance 
scenarios showed that in many cases, sufficient energy is produced by the converting 
reactions to allow a significant amount of copper to be sourced from the PCP. The mass 
and energy balance results also demonstrated that the presence of “solid oxygen” in the 
precipitated copper product significantly enhanced the energy efficiency of the copper 
converter utilising the synergistic process. 
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6 Applications of the Synergistic Copper Process 
The synergistic copper process is intended to provide a supplementary feedstock that also 
improves the performance of a copper smelter or converter. The results of the Chapter 5 
indicate that in some cases the copper throughput in a copper converter may be increased 
by up to 40% using the synergistic copper process. This result, combined with the 
literature reviewed in Chapter 1 and the results of Chapters 2, 3 and 4, indicate that the 
synergistic copper process is a technically feasible process for copper production. The 
existence of the well-established current hydrometallurgical processing route for copper 
production means that the synergistic process may be more suited to specific situations 
such as for treatment of copper ores with low copper grades or high levels of specific 
impurities. On the other hand, the supplementary nature of the process means that the 
high temperature treatment of the precipitated copper product could be integrated into 
most current copper smelting operations. To further highlight the potential of the 
synergistic copper process as an alternative process for copper production, the use of the 
process in a range of situations and some important considerations for these applications 
of the synergistic process are discussed below. 
Impurities and minor elements such as arsenic, bismuth, zinc, cadmium, molybdenum, 
nickel, cobalt, tin, antimony, selenium, tellurium, fluorine, chlorine, lead, uranium and other 
radionuclides are often present in copper ores. To add to the discussion of these potential 
applications of the synergistic copper process, HSC Chemistry (HSC 2011) and FactSage 
(Bale et al. 2010) have been used to predict the deportment of some of these impurity and 
minor elements through the synergistic copper process and its potential application 
flowsheets. 
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6.1 Copper Oxide Ore Treatment 
Copper oxide ores are typically treated near the mine site through a process of leaching, 
SX and EW to produce metallic copper. The precipitation steps of the synergistic process 
could replace the SX and EW units to instead produce a high grade precipitated copper 
product near the mine site. This precipitated copper product could then be transported to a 
copper smelting operation to provide a supplementary feed for the smelter or converter. 
The use of the simple precipitation steps are expected to allow reduced capital 
expenditure when compared with the typical SX and EW processing steps.  
Many of these oxide copper sources are associated with copper sulphide ores, where they 
are present as an oxidised cap located on the top of an enriched sulphide deposit. The 
sulphide is typically concentrated near the mine site and then transported to a centralised 
smelting operation. In some cases, the oxide portion of the orebody is ignored due to the 
large amount of capital required to build the SX-EW plant that would only treat a relatively 
small portion of the resource. In these cases, the synergistic copper process could be 
used to produce a “hydrometallurgy concentrate” alongside the standard sulphide 
concentrator. Along with the sulphide concentrate, the PCP could be transported to a 
centralised smelting operation and used to supplement the feed of the smelter or 
converter. Alternatively, the PCP could be blended with the copper concentrate to 
potentially improve the grade of the blended concentrate and reduce the concentration of 
particular impurity elements. 
The synergistic process, when applied to a copper oxide ore, would consist of: 
1. Leaching of ore with sulphuric acid to dissolve copper as selectively as possible 
from iron. 
2. Precipitation of iron as goethite or similar ferric oxide or hydroxide type solid by pH 
adjustment and/or oxidation (Dutrizac 1980). As iron is already present in the feed 
to the copper smelter and converter, contamination of the PCP with a small amount 
of iron would not have a significant negative impact on the smelter or converter 
operation. The synergistic process impurity precipitation step could therefore be 
carried out at conditions to minimise copper loss rather than maximise iron removal. 
3. Precipitation of copper as basic copper sulphate with size separation and internal 
recycling to optimise the copper precipitate grade. 
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4. Transportation, pre-treatment and addition of the precipitate to a copper smelter or 
converter. 
A Block Flow Diagram of the synergistic process applied to a copper oxide orebody is 
shown in Figure 6-1. 
 
Figure 6-1: Synergistic hydro- and pyro- metallurgical processing of copper applied 
to copper oxide ore 
Benefits of the synergistic copper process when applied to a copper oxide ore include: 
• The leach and precipitation can occur at a remote mine site to produce a saleable 
concentrated copper precipitate with few impurities. 
o Impurities such as iron, antimony, molybdenum, tin and radionuclides lead, 
radium and thallium would be rejected during the leaching stage. 
o Impurities such as iron, arsenic, manganese (with oxidation) and 
radionuclides polonium and thorium would be removed during the impurity 
precipitation stage. 
o Valuable metals such as gold and platinum group metals may be recovered 
from the leach residue by carrying out a second stage of leaching, for 
example by using cyanide or chloride reagents. 
o Base metals such as nickel, cobalt and zinc may be recovered from solution 
after copper precipitation. 
• By avoiding the electrowinning step and instead using the excess smelting and 
converting energy to form metallic copper, a direct energy saving of 2000kWh/Cu-t 
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is made. The blister product would instead need to undergo electrorefining to 
remove trace impurities. The electrorefining process requires about 250kWh/Cu-t, 
making an overall electrical energy saving of 1750kWh/Cu-t, or 87.5% (Ettel 1977). 
• Lower capital costs are expected for the precipitation and filtering processes when 
compared to the standard SX and EW approach.  
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6.2 Complex Copper Sulphide Treatment 
Complex sulphide ores and concentrates containing high iron and other impurities are 
difficult to treat through the standard pyrometallurgical process. High concentration of iron 
in the copper concentrate results in the production of excess slag with proportionally 
higher loss of copper to the slag phase. The high iron concentration also results in higher 
energy generation in the copper smelter or converter due to the sulphide oxidation 
reactions. Many other impurities associated with copper sulphide mineralisation cannot be 
rejected through the physical concentration step and cause operational or health and 
safety issues in the pyrometallurgical process. Instead of producing a concentrate with 
high iron concentration or high levels of impurities, portions of sulphide ore or concentrate 
could instead be treated the synergistic copper process to produce a high grade 
precipitated copper product with low iron and impurity levels. Leaching of copper from a 
sulphide ore or concentrate is often difficult due to the nature of the copper sulphide 
minerals. In cases where sufficient extraction is not possible from the sulphide ore or 
concentrate, the combination of an oxidising roast and a leaching stage may be used to 
generate the copper leach solution, which would then feed into the precipitation steps. 
These processes would effectively separate the problematic elements and allow the 
smelter throughput to be increased.  
 Complex Copper Sulphide Leaching 6.2.1
The synergistic process, when applied to a leachable copper sulphide, would consist of: 
1. Leaching of the copper sulphide ore or concentrate to dissolve the copper. Any 
sulphate based leaching processes would be suitable for this stage. These include 
Galvanox, Albion, high or enhanced pressure and Bio assisted leaching (Taylor 
2014). A leaching method that minimises iron dissolution or forms a stable iron 
residue with maximum copper recovery would be favourable. If iron were excluded 
from the leach solution, the need for a separate impurity precipitation step would be 
removed. Lead sulphate also has a very limited solubility in the sulphate leach 
solution. Depending on the leaching method, the addition of sulphuric acid may not 
be required as sufficient sulphuric acid may be generated by the sulphide oxidation 
reactions. 
5. Precipitation of iron as goethite or similar ferric oxide or hydroxide type solid if 
required by pH adjustment and/or oxidation (Dutrizac 1980). As iron is already 
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present in the feed to the copper smelter and converter, contamination of the PCP 
with a small amount of iron would not have a significant negative impact on the 
smelter or converter operation. The synergistic process impurity precipitation step 
could therefore be carried out at conditions to minimise copper loss rather than 
maximise iron removal. Many sulphide mineral leaching processes also require 
enhanced temperature to achieve sufficient copper extraction at a reasonable rate. 
The high temperature of these leach solutions can hinder a SX process by 
increasing the organic reagent degradation rate. In the synergistic process, 
increased leach solution temperature would have a positive effect on the impurity 
(Dutrizac 1987) and product (Chapter 3) precipitation rates as well as favouring the 
production of more easily filtered solid precipitates. 
2. Precipitation of copper as basic copper sulphate with internal size separation and 
recycling to maximise the copper precipitate grade. 
3. Transport, pre-treatment and addition of the precipitate to a copper smelter or 
converter. 
A Block Flow Diagram of the synergistic process applied to a sulphide ore or concentrate 
using a sulphide leaching step is shown in Figure 6-2. 
 
Figure 6-2: Synergistic hydro- and pyro- metallurgical processing of copper applied 
to sulphide ore or concentrate with sulphide leaching 
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 Complex Copper Sulphide Roasting and Leaching 6.2.2
The synergistic process, when applied to a copper sulphide with roasting, would consist of: 
1. Roasting step with controlled temperature and oxygen and sulphur dioxide partial 
pressures (approximately 700°C, PO2 = 10
-0.8 and PSO2 = 10
-1 (Bale et al. 2010)) to 
oxidise the copper and iron sulphide minerals to copper sulphate and hematite 
(ferric oxide). Arsenic in the concentrate will form either gaseous arsenic trioxide or 
sulphide. Lead present in the concentrate will oxidise to a lead sulphate. This 
roasting process would most likely be carried out at the smelter site to minimise the 
gas handling infrastructure requirements. 
2. Leach step to selectively dissolve the copper. Operation of the roasting stage to the 
conditions specified above should allow the production of a calcine with a high ratio 
of copper sulphate to copper oxide. Copper sulphate is soluble in water, so only a 
small amount of acid may be required to leach the remaining copper oxide. Due to 
the high stability of the hematite, it should also be possible to selectively leach the 
copper oxide without dissolving significant amounts of the iron mineral. This would 
then negate the need for a separate impurity precipitation step.  
3. Precipitate copper as basic copper sulphate with internal size separation and 
recycling to maximise the copper precipitate grade. 
4. Pre-treat and add the precipitate to a copper smelter or converter. 
A Block Flow Diagram of the synergistic process applied to a sulphide concentrate or ore 
using a roasting step is shown in Figure 6-3. 
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Figure 6-3: Synergistic hydro- and pyro- metallurgical processing of copper applied 
to sulphide concentrate with sulphide concentrate roasting 
Benefits of the synergistic process when applied to copper sulphides include: 
• The sulphide-leach or roast-leach and precipitate processes may be carried out at 
the mine site alongside the crushing, grinding and flotation or they may be carried 
out at the smelter on a portion of the sulphide concentrate to produce a saleable 
concentrated copper precipitate with few impurities. 
o Impurities such as arsenic and bismuth would be removed during the 
roasting stage. 
o Impurities such as iron, antimony, molybdenum, tin and radionuclides lead, 
radium and thallium would be rejected during the leaching stage. 
o Impurities such as iron, arsenic, manganese (with oxidation) and 
radionuclides polonium and thorium would be removed during the impurity 
precipitation stage.  
o Valuable metals such as gold, silver and platinum group metals may be 
recovered from the leach residue by carrying out a second stage of leaching, 
for example using cyanide or chloride reagents. 
o Base metals such as nickel, cobalt and zinc may be recovered from solution 
after copper precipitation. 
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• The use of the synergistic process on a split stream of ore or concentrate may allow 
relaxed copper cut-off grade and impurity limits at the mine and concentrator, and 
enable improved ore utilisation through mine plan optimisation.  
• The use of the synergistic copper process on a split stream of ore or concentrate 
would also improve the operation of the copper smelter or converter by alleviating 
issues with high iron and other impurity concentrations within the smelter feed 
stock. 
 Other Scenarios 6.2.3
The synergistic copper process may also be applicable other scenarios such as treatment 
of smelter slags or dusts, multi-metal deposits, copper containing wastes, residues or by-
products of other processes, flotation tailings leaching or copper-gold ores. In the case of a 
copper-gold ore, the presence of copper can cause significant issues for gold recovery due 
to loss of the cyanide reagent. The synergistic process provides an alternative method of 
recovering copper after acid leaching of the ore. 
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7 Summary 
A novel process for primary production of copper that utilises synergies between the 
hydro- and pyro-metallurgical processing routes has been proposed. This process has the 
potential to deliver a more efficient route for treating low grade and complex copper ores, 
and processing copper-containing residues and wastes. The aim of this thesis was to 
address the key technical challenges of the proposed synergistic process route in order to 
facilitate future development towards commercial application. The major objectives of this 
research were to: 
• Determine which copper phases may be produced by precipitation from aqueous 
solutions at conditions relevant to the synergistic copper process. 
• Determine the rate at which copper can be precipitated by pH adjustment and 
investigate which factors influence the copper precipitation kinetics. 
• Estimate the composition of an industrial precipitated product. 
• Determine the thermal properties of the precipitated copper phase. 
• Investigate the suitability of the precipitated copper product as a supplementary 
feed for copper smelting or converting processes. 
In Chapter 2, the thermodynamically stable copper precipitate phases at conditions 
relevant to the synergistic copper process were determined. The copper phases formed 
from sulphate, chloride and nitrate solutions were copper (II) oxide and the basic copper 
salts brochantite, clinoatacamite and rouaite respectively.  
In carrying out this study, a new, consistent methodology was developed for determination 
of solubilities by precipitation in high ionic strength solutions. This method takes into 
account aqueous solution speciation, activity corrections and surface energy effects.  
In Chapter 3, the kinetics of copper precipitation under batch and semi-batch conditions 
and an expected precipitated copper product composition were reported. This study found 
that the rate of precipitation of copper was much faster with lime when compared to the 
precipitation rate with magnesia and limestone. In all cases the predominant copper 
phases formed when precipitated with lime, limestone or magnesia were posnjakite and 
brochantite despite operating at conditions where copper (II) oxide was also stable. Under 
batch conditions, >95% of copper could be precipitated from a copper sulphate solution 
containing 5 g-Cu/L within 60 minutes using limestone. The reactor temperature, copper 
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product seeding, copper concentration, hydrodynamic conditions in the reactor and the 
available limestone surface area were all found to affect the rate of copper precipitation.  
In Chapter 4 and Chapter 5, the thermal properties of the basic copper salts were 
determined and then used to develop a mass and energy balance model of a copper 
converter with the precipitated copper product as a supplementary feed. The mass and 
energy balance results showed copper throughput in the copper converter may be 
increased by up to 40% through the use of the synergistic copper process. One reason for 
this significant increase in copper throughput is that the precipitated copper product 
contains solid copper as well as solid-state oxygen. The addition of solid-state oxygen to 
the copper converter decreases the amount of gas blow required which means less 
nitrogen is fed to the converter, which significantly improves the energy efficiency of the 
process.  
The results of the first five chapters of this thesis demonstrated that the synergistic copper 
process is a technically feasible process for copper production. To explore further the 
potential of the synergistic copper process, a range of potential applications of the process 
were discussed in Chapter 6. These potential applications include replacing the use of the 
conventional SX-EW processes for copper oxide ores to instead produce a precipitated 
copper product. The synergistic copper process could also be applied to the treatment of 
copper sulphide ores through the use of a copper sulphide leaching method or in 
combination with a roasting stage. The precipitated copper product produced from these 
applications could supplement the feed to a copper smelter or converter or be blended 
with a copper sulphide concentrate. The significant potential for increased copper 
throughput in a copper smelter or converter through use of the synergistic copper process 
has led to the filing of an international PCT patent application (Hawker et al. 2015) 
protecting the synergistic copper process and a wide range of its applications. 
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8 Recommendations for Future Work 
The five major objectives of this research were addressed through the previous chapters 
of this thesis. A range of other avenues of research were identified or are now possible 
through the results of this work. 
In Chapter 2, a new, consistent methodology was developed for determination of 
solubilities by precipitation in high ionic strength solutions. A range of other basic copper 
salts, as well as calcium cupric basic salts and basic copper carbonate salts may form at 
other solution conditions such as increased temperature, or in the presence of calcium, 
carbonate or high sulphate concentration. Investigating the phases formed under these 
conditions, using the new, comprehensive method, would provide valuable thermodynamic 
data which is currently unavailable in literature and which may assist the design of the 
synergistic process. 
This method of investigating the stability of precipitated phases may also be used to 
investigate the stability of other precipitated phases produced in hydrometallurgical 
systems. Examples of these hydrometallurgical systems include the precipitation of mixed 
nickel and cobalt hydroxide product produced during acid leaching of nickel laterites and 
the precipitation of zinc hydroxides and basic copper salts during zinc refining. 
In Chapter 3, the kinetics of copper precipitation were investigated. Future work on this 
stage of the synergistic process should focus on the use of lime or enhanced temperature 
to optimise the rate of copper precipitation. The use of copper (II) oxide seeding may also 
be investigated to show whether the presence of this seed would allow the direct 
precipitation of the copper (II) oxide solid from a copper sulphate solution. The precipitated 
copper product composition estimated in the copper precipitation study contained 
significant gypsum. A method of improving the copper grade of the precipitate through 
physical separation of the larger gypsum particles was suggested. The ability to selectively 
grow the gypsum particles and then physically separate them from the basic copper salt 
would provide significant benefits to the synergistic process and should be further 
investigated. 
In general, the mechanisms and factors that control the kinetics of base metal hydroxide 
precipitation with basic precipitation reagents are poorly understood and not well 
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articulated in scientific literature. An improved understanding of base metal precipitation 
may allow significant improvements in many hydrometallurgical processes. 
Some other areas of the synergistic process, which are of interest for further study, include 
the copper-iron separation step and the deportment of impurities through the synergistic 
process. 
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A. Appendices 
Appendix 1 
Table A-1: Experimental data for copper (II) oxide solubility in sulphate solution, Cu-
Na-SO4-H2O system at 25°C 
Sulphate pH H2O mol/L Cu(II) species mol/L Na
+ mol/L SO4
2- mol/L 
1 7.01 53.6 5.17E-05 1.50E+00 7.53E-01 
2 7.46 53.4 1.25E-05 1.66E+00 8.31E-01 
3 7.22 55.4 3.74E-06 1.05E-01 5.27E-02 
4 7.17 55.4 2.84E-06 1.05E-01 5.23E-02 
5 7.26 55.4 2.23E-06 1.06E-01 5.30E-02 
6 7.25 55.3 2.14E-06 1.17E-01 5.83E-02 
7 7.30 55.3 2.17E-06 1.18E-01 5.88E-02 
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Table A-2: Solved speciation for copper (II) oxide solubility data in sulphate solution, Cu-Na-SO4-H2O system at 25°C 
mol/L H2O Na
+ 
NaOH 
(a) 
SO4
2- Cu2+ 
CuO 
(a) 
CuO2
2 CuOH+ Cu(OH)4
2- Cu2OH
3+ Cu2(OH)2
2+ Cu3(OH)4
+2 HCuO2
- Cu(OH)3
- H+ NaSO4
- HSO4
- 
CuSO4 
(a) 
Na2SO4 
(a) 
H2SO4 
(a) 
1 57.54 1.30 4.3E-08 0.51 5.1E-05 5.2E-07 4.5E-18 9.2E-07 2.6E-16 7.4E-08 1.3E-06 2.0E-08 2.2E-12 4.1E-10 2.6E-07 0.28 5.0E-07 8.3E-08 1.6E-02 3.0E-16 
2 57.96 1.44 1.3E-07 0.56 1.1E-05 8.6E-07 6.5E-17 5.5E-07 3.7E-15 1.1E-08 4.9E-07 1.2E-08 1.1E-11 1.9E-09 9.6E-08 0.32 1.8E-07 1.7E-08 1.9E-02 3.8E-17 
3 56.02 0.10 7.3E-09 0.05 3.3E-06 2.9E-07 8.1E-19 1.9E-07 4.6E-17 4.8E-11 1.9E-08 1.5E-10 1.2E-12 2.2E-10 8.6E-08 0.01 9.0E-08 7.6E-09 7.6E-05 5.0E-17 
4 56.02 0.10 6.5E-09 0.05 2.5E-06 1.8E-07 4.0E-19 1.3E-07 2.3E-17 2.6E-11 8.9E-09 4.6E-11 6.5E-13 1.2E-10 9.7E-08 0.01 1.0E-07 5.9E-09 7.5E-05 6.2E-17 
5 55.91 0.10 8.1E-09 0.05 1.9E-06 2.0E-07 6.8E-19 1.2E-07 3.9E-17 1.8E-11 7.6E-09 4.5E-11 9.0E-13 1.7E-10 7.9E-08 0.01 8.2E-08 4.4E-09 7.7E-05 4.1E-17 
6 56.01 0.11 8.6E-09 0.05 1.9E-06 1.8E-07 6.1E-19 1.1E-07 3.5E-17 1.7E-11 6.7E-09 3.5E-11 7.9E-13 1.5E-10 8.2E-08 0.01 8.9E-08 4.3E-09 9.5E-05 4.5E-17 
7 56.12 0.11 9.7E-09 0.05 1.8E-06 2.2E-07 9.6E-19 1.2E-07 5.5E-17 1.9E-11 8.2E-09 5.3E-11 1.1E-12 2.0E-10 7.3E-08 0.01 8.0E-08 4.3E-09 9.7E-05 3.6E-17 
 
Table A-3: Activity coefficients for copper (II) oxide solubility data in sulphate solution, Cu-Na-SO4-H2O system at 25°C 
a H2O Na
+ NaOH (a) SO4
2- Cu2+ CuO (a) CuO2
2 CuOH+ Cu(OH)4
2- Cu2OH
3+ Cu2(OH)2
2+ Cu3(OH)4
+2 HCuO2
- Cu(OH)3
- H+ NaSO4
- HSO4
- CuSO4 (a) Na2SO4 (a) H2SO4 (a) 
1 1.01 0.54 1.00 0.06 0.06 1.00 0.03 0.42 0.03 0.00 0.03 0.03 0.42 0.42 0.37 0.42 0.47 1.00 1.00 1.00 
2 1.01 0.54 1.00 0.05 0.06 1.00 0.03 0.41 0.03 0.00 0.03 0.03 0.41 0.41 0.36 0.41 0.46 1.00 1.00 1.00 
3 1.00 0.75 1.00 0.28 0.20 1.00 0.25 0.70 0.25 0.04 0.25 0.25 0.70 0.70 0.70 0.70 0.71 1.00 1.00 1.00 
4 1.00 0.75 1.00 0.28 0.20 1.00 0.25 0.70 0.25 0.04 0.25 0.25 0.70 0.70 0.70 0.70 0.71 1.00 1.00 1.00 
5 1.00 0.75 1.00 0.28 0.20 1.00 0.25 0.70 0.25 0.04 0.25 0.25 0.70 0.70 0.70 0.70 0.71 1.00 1.00 1.00 
6 1.00 0.74 1.00 0.27 0.19 1.00 0.23 0.69 0.23 0.04 0.23 0.23 0.69 0.69 0.69 0.69 0.70 1.00 1.00 1.00 
7 1.00 0.74 1.00 0.27 0.19 1.00 0.23 0.69 0.23 0.04 0.23 0.23 0.69 0.69 0.69 0.69 0.70 1.00 1.00 1.00 
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Table A-4: Experimental data for copper (II) oxide solubility in chloride solution, Cu-
Na-Cl-H2O system at 25°C 
Chloride pH H2O mol/L Cu(II) species mol/L Na
+ mol/L Cl- mol/L 
8 8.05 55.4 7.65E-07 9.63E-02 9.63E-02 
9 8.06 55.4 8.45E-07 9.89E-02 9.89E-02 
10 8.07 55.4 2.82E-07 9.91E-02 9.91E-02 
11 7.03 55.4 1.36E-06 9.49E-02 9.49E-02 
12 7.17 55.4 1.05E-06 9.57E-02 9.57E-02 
13 7.54 55.4 1.10E-06 9.94E-02 9.94E-02 
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Table A-5: Solved speciation for copper (II) oxide solubility data in chloride solution, Cu-Na-Cl-H2O system at 25°C 
mol/L H2O Na
+ NaOH (a) Cl- Cu2+ CuO (a) CuO2
2- CuOH+ Cu(OH)4
2- Cu2OH
3+ Cu2(OH)2
2+ Cu3(OH)4
2+ HCuO2
- Cu(OH)3
- H+ CuCl+ CuCl2 (a) CuCl3
- CuCl4
2- NaCl (a) HCl (a) 
8 55.81 0.10 5.0E-08 0.10 7.9E-08 6.2E-07 6.4E-17 5.6E-08 3.7E-15 4.4E-13 1.5E-09 2.7E-11 1.6E-11 3.0E-09 1.1E-08 8.9E-09 3.4E-11 8.6E-14 7.8E-17 9.4E-04 1.3E-10 
9 55.64 0.10 5.3E-08 0.10 8.5E-08 6.9E-07 7.6E-17 6.1E-08 4.3E-15 5.2E-13 1.8E-09 3.6E-11 1.8E-11 3.4E-09 1.1E-08 9.7E-09 3.8E-11 9.7E-14 9.1E-17 9.8E-04 1.3E-10 
10 55.59 0.10 5.4E-08 0.10 2.7E-08 2.3E-07 2.7E-17 2.0E-08 1.5E-15 5.5E-14 2.0E-10 1.3E-12 6.3E-12 1.2E-09 1.1E-08 3.1E-09 1.2E-11 3.1E-14 2.9E-17 9.8E-04 1.3E-10 
11 55.82 0.09 4.7E-09 0.09 1.1E-06 7.8E-08 7.3E-20 7.4E-08 4.2E-18 7.9E-12 2.6E-09 5.9E-12 1.9E-13 3.6E-11 1.2E-07 1.2E-07 4.6E-10 1.1E-12 1.0E-15 9.1E-04 1.4E-09 
12 55.65 0.10 6.6E-09 0.10 7.8E-07 1.1E-07 1.9E-19 7.3E-08 1.1E-17 5.7E-12 2.6E-09 7.9E-12 3.7E-13 6.7E-11 8.6E-08 8.7E-08 3.3E-10 8.2E-13 7.4E-16 9.2E-04 9.8E-10 
13 55.59 0.10 1.6E-08 0.10 5.3E-07 3.9E-07 3.9E-18 1.1E-07 2.2E-16 6.1E-12 6.4E-09 7.1E-11 3.1E-12 5.8E-10 3.7E-08 6.0E-08 2.4E-10 6.1E-13 5.8E-16 9.9E-04 4.3E-10 
 
Table A-6: Activity coefficients for copper (II) oxide solubility data in chloride solution, Cu-Na-Cl-H2O system at 25°C 
a H2O Na
+ NaOH (a) Cl- Cu2+ CuO (a) CuO2
2- CuOH+ Cu(OH)4
2- Cu2OH
3+ Cu2(OH)2
2+ Cu3(OH)4
2+ HCuO2
- Cu(OH)3
- H+ CuCl+ CuCl2 (a) CuCl3
- CuCl4
2- NaCl (a) HCl (a) 
8 1.00 0.78 1.00 0.78 0.39 1.00 0.30 0.74 0.30 0.07 0.30 0.30 0.74 0.74 0.78 0.77 1.02 0.78 0.32 1.00 1.00 
9 1.00 0.78 1.00 0.78 0.38 1.00 0.30 0.74 0.30 0.07 0.30 0.30 0.74 0.74 0.78 0.77 1.02 0.78 0.32 1.00 1.00 
10 1.00 0.78 1.00 0.78 0.38 1.00 0.30 0.74 0.30 0.07 0.30 0.30 0.74 0.74 0.78 0.77 1.02 0.78 0.32 1.00 1.00 
11 1.00 0.78 1.00 0.78 0.39 1.00 0.31 0.74 0.31 0.07 0.31 0.31 0.74 0.74 0.78 0.77 1.02 0.78 0.32 1.00 1.00 
12 1.00 0.78 1.00 0.78 0.39 1.00 0.30 0.74 0.30 0.07 0.30 0.30 0.74 0.74 0.78 0.77 1.02 0.78 0.32 1.00 1.00 
13 1.00 0.78 1.00 0.78 0.38 1.00 0.30 0.74 0.30 0.07 0.30 0.30 0.74 0.74 0.78 0.77 1.02 0.78 0.32 1.00 1.00 
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Table A-7: Experimental data for copper (II) oxide solubility in nitrate solution, Cu-
Na-NO3-H2O system at 25°C 
Nitrate pH H2O mol/L Cu(II) species mol/L Na
+ mol/L NO3
- mol/L 
14 12.57 51.2 1.89E-05 9.14E-01 9.14E-01 
15 12.59 51.3 1.88E-05 8.89E-01 8.89E-01 
16 12.59 51.1 2.37E-05 9.33E-01 9.33E-01 
17 12.70 51.0 6.31E-04 9.62E-01 9.63E-01 
18 12.67 51.0 8.51E-05 9.47E-01 9.47E-01 
19 12.71 50.9 5.12E-05 9.75E-01 9.75E-01 
20 5.57 55.2 1.89E-03 6.51E-02 6.89E-02 
21 5.41 55.1 3.80E-03 6.37E-02 7.13E-02 
22 5.64 55.2 1.62E-03 6.30E-02 6.63E-02 
23 5.72 55.2 5.63E-04 6.92E-02 7.03E-02 
24 5.81 55.1 5.25E-04 6.80E-02 6.91E-02 
25 5.87 55.2 5.13E-04 6.73E-02 6.83E-02 
26 12.72 50.7 5.28E-05 1.02E+00 1.02E+00 
27 12.70 50.6 4.00E-05 1.03E+00 1.03E+00 
28 12.84 50.5 3.21E-05 1.06E+00 1.06E+00 
29 12.87 50.0 9.70E-04 1.16E+00 1.16E+00 
30 12.83 50.0 1.09E-03 1.17E+00 1.17E+00 
31 12.97 49.7 4.49E-04 1.22E+00 1.22E+00 
32 5.60 55.2 1.90E-03 6.27E-02 6.65E-02 
33 5.42 55.1 3.77E-03 6.18E-02 6.94E-02 
34 5.54 55.2 1.65E-03 6.48E-02 6.81E-02 
35 5.92 55.2 5.26E-04 6.92E-02 7.02E-02 
36 6.06 55.1 5.40E-04 6.96E-02 7.06E-02 
37 5.95 55.1 5.38E-04 6.90E-02 7.01E-02 
 
242 
Table A-8: Solved speciation for copper (II) oxide solubility data in nitrate solution, Cu-Na-NO3-H2O system at 25°C 
mol/L H2O Na
+ NaOH (a) NO3(
-a) Cu2+ CuO (a) CuO2
2- CuOH+ Cu(OH)4
2- Cu2OH
3+ Cu2(OH)2
2+ Cu3(OH)4
2+ HCuO2
- Cu(OH)3
- H+ Cu(NO3)2 (a) NaNO3 (a) HNO3 (a) 
14 54.25 0.74 9.5E-03 0.75 1.2E-17 7.8E-08 3.7E-08 3.0E-13 2.1E-06 4.9E-27 9.2E-20 2.1E-22 9.6E-08 1.8E-05 4.2E-13 8.1E-19 2.2E-01 6.0E-15 
15 54.38 0.72 9.8E-03 0.73 1.1E-17 7.4E-08 3.8E-08 2.7E-13 2.2E-06 3.6E-27 7.4E-20 1.6E-22 9.5E-08 1.8E-05 4.0E-13 6.8E-19 2.1E-01 5.6E-15 
16 53.85 0.75 1.0E-02 0.76 1.3E-17 9.2E-08 4.9E-08 3.4E-13 2.8E-06 6.1E-27 1.2E-19 3.1E-22 1.2E-07 2.2E-05 4.0E-13 8.9E-19 2.3E-01 5.8E-15 
17 54.52 0.77 1.3E-02 0.79 1.6E-16 1.8E-06 1.7E-06 5.4E-12 9.5E-05 1.2E-24 3.0E-17 1.6E-18 3.1E-06 5.7E-04 3.1E-13 1.2E-17 2.4E-01 4.7E-15 
18 54.60 0.76 1.2E-02 0.78 2.7E-17 2.7E-07 2.1E-07 8.4E-13 1.2E-05 3.1E-26 7.2E-19 5.6E-21 4.2E-07 7.8E-05 3.3E-13 1.9E-18 2.4E-01 4.9E-15 
19 53.44 0.77 1.4E-02 0.78 1.2E-17 1.4E-07 1.4E-07 4.1E-13 7.8E-06 7.0E-27 1.7E-19 7.0E-22 2.5E-07 4.5E-05 3.1E-13 8.4E-19 2.4E-01 4.5E-15 
20 55.50 0.06 1.1E-10 0.07 1.9E-03 1.8E-07 1.8E-22 4.8E-06 1.0E-20 7.3E-07 1.0E-05 5.4E-08 1.5E-14 2.8E-12 3.4E-06 2.8E-06 3.1E-03 7.2E-09 
21 55.70 0.06 7.4E-11 0.07 3.8E-03 1.7E-07 8.2E-23 6.5E-06 4.7E-21 2.1E-06 2.0E-05 9.7E-08 9.9E-15 1.8E-12 4.9E-06 5.9E-06 3.1E-03 1.1E-08 
22 55.57 0.06 1.2E-10 0.06 1.6E-03 2.2E-07 2.8E-22 4.8E-06 1.6E-20 6.2E-07 1.0E-05 6.5E-08 2.1E-14 3.9E-12 2.9E-06 2.2E-06 2.9E-03 6.0E-09 
23 55.60 0.07 1.6E-10 0.07 5.6E-04 1.1E-07 2.1E-22 2.0E-06 1.2E-20 9.3E-08 1.8E-06 5.8E-09 1.3E-14 2.4E-12 2.4E-06 8.6E-07 3.3E-03 5.2E-09 
24 55.59 0.07 2.0E-10 0.07 5.2E-04 1.5E-07 4.5E-22 2.3E-06 2.5E-20 9.8E-08 2.4E-06 1.1E-08 2.2E-14 4.1E-12 1.9E-06 7.8E-07 3.2E-03 4.2E-09 
25 55.60 0.06 2.3E-10 0.07 5.1E-04 2.0E-07 7.6E-22 2.6E-06 4.3E-20 1.1E-07 3.0E-06 1.7E-08 3.3E-14 6.1E-12 1.7E-06 7.5E-07 3.2E-03 3.6E-09 
26 53.72 0.81 1.5E-02 0.82 1.1E-17 1.4E-07 1.5E-07 4.0E-13 8.5E-06 7.1E-27 1.7E-19 7.0E-22 2.5E-07 4.7E-05 3.0E-13 8.7E-19 2.6E-01 4.6E-15 
27 53.66 0.82 1.4E-02 0.83 9.9E-18 1.1E-07 1.1E-07 3.4E-13 6.2E-06 5.3E-27 1.2E-19 3.9E-22 1.9E-07 3.6E-05 3.1E-13 7.7E-19 2.6E-01 4.9E-15 
28 53.22 0.83 1.9E-02 0.85 2.8E-18 6.1E-08 1.2E-07 1.3E-13 6.6E-06 6.3E-28 1.9E-20 3.3E-23 1.5E-07 2.7E-05 2.3E-13 2.3E-19 2.7E-01 3.6E-15 
29 53.52 0.90 2.2E-02 0.93 6.6E-17 1.7E-06 3.9E-06 3.4E-12 2.2E-04 4.6E-25 1.3E-17 6.4E-19 4.4E-06 8.0E-04 2.1E-13 6.3E-18 3.1E-01 3.6E-15 
30 53.48 0.91 2.1E-02 0.93 9.9E-17 2.1E-06 4.1E-06 4.7E-12 2.4E-04 9.6E-25 2.5E-17 1.5E-18 5.0E-06 9.2E-04 2.4E-13 9.6E-18 3.2E-01 4.0E-15 
31 52.23 0.93 2.9E-02 0.96 1.4E-17 5.6E-07 2.2E-06 9.3E-13 1.2E-04 2.8E-26 9.7E-19 1.6E-20 1.9E-06 3.4E-04 1.7E-13 1.4E-18 3.2E-01 2.9E-15 
32 55.49 0.06 1.1E-10 0.06 1.9E-03 2.1E-07 2.3E-22 5.1E-06 1.3E-20 7.8E-07 1.2E-05 7.2E-08 1.9E-14 3.5E-12 3.1E-06 2.6E-06 2.9E-03 6.6E-09 
33 55.69 0.06 7.3E-11 0.07 3.8E-03 1.8E-07 8.9E-23 6.7E-06 5.1E-21 2.1E-06 2.0E-05 1.1E-07 1.1E-14 2.0E-12 4.8E-06 5.6E-06 3.0E-03 1.0E-08 
34 55.58 0.06 1.0E-10 0.07 1.6E-03 1.4E-07 1.2E-22 3.9E-06 6.7E-21 5.2E-07 6.9E-06 2.8E-08 1.1E-14 2.0E-12 3.6E-06 2.4E-06 3.0E-03 7.7E-09 
35 55.60 0.07 2.6E-10 0.07 5.2E-04 2.5E-07 1.2E-21 3.0E-06 7.0E-20 1.3E-07 3.9E-06 2.9E-08 4.7E-14 8.7E-12 1.5E-06 7.9E-07 3.3E-03 3.3E-09 
36 55.58 0.07 3.6E-10 0.07 5.2E-04 4.9E-07 4.5E-21 4.1E-06 2.6E-19 1.8E-07 7.6E-06 1.1E-07 1.2E-13 2.3E-11 1.1E-06 8.1E-07 3.4E-03 2.4E-09 
37 55.59 0.07 2.8E-10 0.07 5.3E-04 3.0E-07 1.7E-21 3.2E-06 9.4E-20 1.4E-07 4.7E-06 4.1E-08 5.9E-14 1.1E-11 1.4E-06 8.1E-07 3.3E-03 3.1E-09 
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Table A-9: Activity coefficients for copper (II) oxide solubility data in nitrate solution, Cu-Na-NO3-H2O system at 25°C 
a H2O Na
+ NaOH (a) NO3(
-a) Cu2+ CuO (a) CuO2
2- CuOH+ Cu(OH)4
2- Cu2OH
3+ Cu2(OH)2
2+ Cu3(OH)4
2+ HCuO2
- Cu(OH)3
- H+ Cu(NO3)2 (a) NaNO3 (a) HNO3 (a) 
14 1.00 0.58 1.00 0.58 0.28 1.00 0.07 0.52 0.07 0.00 0.07 0.07 0.52 0.52 0.64 1.00 1.00 1.00 
15 1.00 0.59 1.00 0.58 0.28 1.00 0.07 0.52 0.07 0.00 0.07 0.07 0.52 0.52 0.64 1.00 1.00 1.00 
16 1.00 0.58 1.00 0.58 0.28 1.00 0.07 0.52 0.07 0.00 0.07 0.07 0.52 0.52 0.64 1.00 1.00 1.00 
17 1.00 0.58 1.00 0.58 0.28 1.00 0.07 0.51 0.07 0.00 0.07 0.07 0.51 0.51 0.64 1.00 1.00 1.00 
18 1.00 0.58 1.00 0.58 0.28 1.00 0.07 0.51 0.07 0.00 0.07 0.07 0.51 0.51 0.64 1.00 1.00 1.00 
19 1.00 0.58 1.00 0.58 0.28 1.00 0.07 0.51 0.07 0.00 0.07 0.07 0.51 0.51 0.64 1.00 1.00 1.00 
20 1.00 0.79 1.00 0.79 0.44 1.00 0.36 0.77 0.36 0.10 0.36 0.36 0.77 0.77 0.80 1.00 1.00 1.00 
21 1.00 0.78 1.00 0.79 0.43 1.00 0.35 0.77 0.35 0.09 0.35 0.35 0.77 0.77 0.79 1.00 1.00 1.00 
22 1.00 0.79 1.00 0.79 0.44 1.00 0.36 0.78 0.36 0.10 0.36 0.36 0.78 0.78 0.80 1.00 1.00 1.00 
23 1.00 0.79 1.00 0.79 0.44 1.00 0.36 0.77 0.36 0.10 0.36 0.36 0.77 0.77 0.80 1.00 1.00 1.00 
24 1.00 0.79 1.00 0.79 0.44 1.00 0.36 0.77 0.36 0.10 0.36 0.36 0.77 0.77 0.80 1.00 1.00 1.00 
25 1.00 0.79 1.00 0.79 0.44 1.00 0.36 0.78 0.36 0.10 0.36 0.36 0.78 0.78 0.80 1.00 1.00 1.00 
26 1.00 0.57 1.00 0.57 0.28 1.00 0.07 0.51 0.07 0.00 0.07 0.07 0.51 0.51 0.63 1.00 1.00 1.00 
27 1.00 0.57 1.00 0.57 0.28 1.00 0.06 0.50 0.06 0.00 0.06 0.06 0.50 0.50 0.63 1.00 1.00 1.00 
28 1.00 0.57 1.00 0.57 0.29 1.00 0.06 0.50 0.06 0.00 0.06 0.06 0.50 0.50 0.63 1.00 1.00 1.00 
29 1.00 0.56 1.00 0.56 0.29 1.00 0.06 0.49 0.06 0.00 0.06 0.06 0.49 0.49 0.63 1.00 1.01 1.00 
30 1.00 0.56 1.00 0.56 0.29 1.00 0.06 0.49 0.06 0.00 0.06 0.06 0.49 0.49 0.63 1.00 1.01 1.00 
31 1.00 0.56 1.00 0.56 0.29 1.00 0.06 0.49 0.06 0.00 0.06 0.06 0.49 0.49 0.63 1.00 1.01 1.00 
32 1.00 0.79 1.00 0.79 0.44 1.00 0.36 0.78 0.36 0.10 0.36 0.36 0.78 0.78 0.80 1.00 1.00 1.00 
33 1.00 0.78 1.00 0.79 0.43 1.00 0.35 0.77 0.35 0.10 0.35 0.35 0.77 0.77 0.79 1.00 1.00 1.00 
34 1.00 0.79 1.00 0.79 0.44 1.00 0.36 0.77 0.36 0.10 0.36 0.36 0.77 0.77 0.80 1.00 1.00 1.00 
35 1.00 0.79 1.00 0.79 0.44 1.00 0.36 0.77 0.36 0.10 0.36 0.36 0.77 0.77 0.80 1.00 1.00 1.00 
36 1.00 0.79 1.00 0.79 0.44 1.00 0.36 0.77 0.36 0.10 0.36 0.36 0.77 0.77 0.80 1.00 1.00 1.00 
37 1.00 0.79 1.00 0.79 0.44 1.00 0.36 0.77 0.36 0.10 0.36 0.36 0.77 0.77 0.80 1.00 1.00 1.00 
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Table A-10: Experimental data for basic copper sulphate solubility, Cu-Na-SO4-H2O 
system at 25°C 
Sulphate pH H2O mol/L Cu(II) species mol/L Na
+ mol/L SO4
2- mol/L 
38 3.82 52.8 5.55E-01 5.72E-01 8.40E-01 
39 3.95 52.6 5.91E-01 6.22E-01 9.02E-01 
40 3.80 52.8 5.47E-01 5.77E-01 8.35E-01 
41 4.36 53.6 1.28E-01 1.15E+00 7.00E-01 
42 4.36 53.5 1.38E-01 1.17E+00 7.23E-01 
43 4.36 53.6 1.31E-01 1.16E+00 7.11E-01 
44 4.41 52.9 5.24E-01 5.49E-01 7.98E-01 
45 3.92 52.9 5.51E-01 5.36E-01 8.20E-01 
46 3.80 52.8 5.52E-01 5.48E-01 8.26E-01 
47 4.39 53.7 1.25E-01 1.05E+00 6.51E-01 
48 4.40 53.6 1.36E-01 1.10E+00 6.87E-01 
49 4.43 53.7 1.23E-01 1.03E+00 6.38E-01 
50 4.34 55.3 4.68E-02 3.98E-02 6.67E-02 
51 4.32 55.3 4.59E-02 4.04E-02 6.61E-02 
52 4.32 55.3 4.50E-02 3.97E-02 6.48E-02 
53 4.62 55.3 1.31E-02 8.21E-02 5.42E-02 
54 4.63 55.3 1.27E-02 8.10E-02 5.32E-02 
55 4.75 55.3 1.32E-02 8.24E-02 5.44E-02 
56 4.45 55.3 4.74E-02 3.93E-02 6.71E-02 
57 4.36 55.3 4.64E-02 3.59E-02 6.43E-02 
58 4.38 55.3 4.64E-02 3.50E-02 6.39E-02 
59 4.83 55.0 1.24E-02 7.24E-02 4.86E-02 
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Table A-11: Solved speciation for basic copper sulphate solubility data, Cu-Na-SO4-H2O system at 25°C 
mol/L H2O Na
+ NaOH (a) SO4
2- Cu2+ CuO (a) CuO2
2 CuOH+ Cu(OH)4
2- Cu2OH
3+ Cu2(OH)2
2+ Cu3(OH)4
+2 HCuO2
- Cu(OH)3
- H+ NaSO4
- HSO4
- CuSO4 (a) Na2SO4 (a) H2SO4 (a) 
38 57.77 0.49 9.5E-12 0.78 0.58 2.0E-09 1.1E-26 6.2E-06 6.5E-25 1.1E-02 7.4E-05 4.3E-09 6.2E-18 1.1E-15 4.5E-04 0.13 5.8E-04 9.4E-04 2.3E-03 8.7E-10 
39 57.56 0.53 1.4E-11 0.84 0.61 3.7E-09 4.2E-26 8.6E-06 2.4E-24 1.9E-02 1.5E-04 1.6E-08 1.6E-17 2.9E-15 3.4E-04 0.15 4.4E-04 9.5E-04 2.6E-03 4.8E-10 
40 57.37 0.49 9.2E-12 0.77 0.57 1.8E-09 9.3E-27 5.8E-06 5.3E-25 1.0E-02 6.5E-05 3.4E-09 5.3E-18 9.8E-16 4.7E-04 0.13 6.0E-04 9.2E-04 2.3E-03 9.5E-10 
41 57.39 0.99 7.3E-11 0.52 0.13 6.9E-09 3.0E-25 5.4E-06 1.7E-23 1.2E-03 4.5E-05 9.0E-09 6.5E-17 1.2E-14 1.2E-04 0.22 1.9E-04 2.2E-04 9.3E-03 6.0E-11 
42 57.05 1.00 7.4E-11 0.54 0.14 7.2E-09 3.3E-25 5.7E-06 1.9E-23 1.4E-03 5.2E-05 1.1E-08 6.9E-17 1.3E-14 1.2E-04 0.22 1.9E-04 2.3E-04 9.5E-03 6.1E-11 
43 56.77 0.99 7.3E-11 0.53 0.14 6.9E-09 3.1E-25 5.5E-06 1.7E-23 1.2E-03 4.6E-05 9.3E-09 6.6E-17 1.2E-14 1.2E-04 0.22 1.9E-04 2.2E-04 9.2E-03 6.0E-11 
44 57.92 0.48 3.7E-11 0.75 0.51 2.8E-08 2.2E-24 2.1E-05 1.3E-22 3.1E-02 8.5E-04 6.8E-07 3.2E-16 6.0E-14 1.1E-04 0.12 1.5E-04 7.9E-04 2.1E-03 5.4E-11 
45 57.83 0.46 1.1E-11 0.77 0.57 3.2E-09 2.8E-26 7.7E-06 1.6E-24 1.4E-02 1.1E-04 1.1E-08 1.2E-17 2.3E-15 3.6E-04 0.12 4.6E-04 9.3E-04 2.0E-03 5.5E-10 
46 57.39 0.47 8.7E-12 0.77 0.58 1.8E-09 9.4E-27 5.9E-06 5.3E-25 1.1E-02 6.6E-05 3.5E-09 5.4E-18 9.9E-16 4.7E-04 0.13 6.0E-04 9.3E-04 2.1E-03 9.5E-10 
47 57.52 0.91 7.3E-11 0.49 0.13 8.0E-09 3.7E-25 5.8E-06 2.1E-23 1.1E-03 4.9E-05 1.1E-08 8.0E-17 1.5E-14 1.1E-04 0.20 1.8E-04 2.2E-04 8.0E-03 5.2E-11 
48 57.15 0.95 7.7E-11 0.51 0.14 8.8E-09 4.5E-25 6.3E-06 2.6E-23 1.4E-03 6.0E-05 1.5E-08 9.1E-17 1.7E-14 1.1E-04 0.21 1.7E-04 2.3E-04 8.5E-03 5.0E-11 
49 56.97 0.89 7.8E-11 0.48 0.13 9.5E-09 5.2E-25 6.2E-06 2.9E-23 1.1E-03 5.6E-05 1.5E-08 1.0E-16 1.9E-14 9.6E-05 0.19 1.6E-04 2.2E-04 7.5E-03 4.3E-11 
50 56.22 0.04 3.6E-12 0.06 0.05 6.7E-09 3.9E-26 3.4E-06 2.2E-24 1.7E-05 6.9E-06 1.3E-09 3.8E-17 6.9E-15 6.9E-05 0.00 6.3E-05 1.0E-04 1.0E-05 2.8E-11 
51 56.05 0.04 3.4E-12 0.06 0.05 6.0E-09 3.2E-26 3.2E-06 1.8E-24 1.5E-05 6.1E-06 1.1E-09 3.2E-17 5.9E-15 7.2E-05 0.00 6.5E-05 9.9E-05 1.0E-05 3.1E-11 
52 56.22 0.04 3.4E-12 0.06 0.05 5.9E-09 3.1E-26 3.2E-06 1.8E-24 1.5E-05 5.9E-06 1.0E-09 3.2E-17 5.9E-15 7.2E-05 0.00 6.5E-05 9.7E-05 1.0E-05 3.1E-11 
53 56.34 0.08 1.4E-11 0.05 0.01 7.5E-09 1.4E-25 1.9E-06 7.7E-24 2.1E-06 2.0E-06 4.3E-10 7.7E-17 1.4E-14 3.5E-05 0.01 3.4E-05 3.0E-05 4.5E-05 7.6E-12 
54 56.34 0.08 1.5E-11 0.05 0.01 7.6E-09 1.4E-25 1.9E-06 8.2E-24 2.0E-06 2.0E-06 4.4E-10 8.0E-17 1.5E-14 3.4E-05 0.01 3.3E-05 2.9E-05 4.4E-05 7.2E-12 
55 56.01 0.08 1.9E-11 0.05 0.01 1.4E-08 4.5E-25 2.6E-06 2.5E-23 2.8E-06 3.6E-06 1.4E-09 1.9E-16 3.5E-14 2.6E-05 0.01 2.5E-05 3.0E-05 4.5E-05 4.2E-12 
56 56.22 0.04 4.5E-12 0.07 0.05 1.1E-08 1.1E-25 4.4E-06 6.2E-24 2.3E-05 1.2E-05 3.8E-09 8.1E-17 1.5E-14 5.4E-05 0.00 4.9E-05 1.0E-04 1.0E-05 1.7E-11 
57 56.06 0.03 3.4E-12 0.06 0.05 7.4E-09 4.6E-26 3.6E-06 2.6E-24 1.7E-05 7.5E-06 1.6E-09 4.3E-17 7.9E-15 6.5E-05 0.00 5.8E-05 9.9E-05 8.2E-06 2.5E-11 
58 56.23 0.03 3.4E-12 0.06 0.05 8.1E-09 5.6E-26 3.8E-06 3.2E-24 1.8E-05 8.3E-06 2.0E-09 5.0E-17 9.2E-15 6.2E-05 0.00 5.6E-05 1.0E-04 7.8E-06 2.3E-11 
59 56.02 0.07 2.1E-11 0.04 0.01 1.9E-08 8.8E-25 3.0E-06 5.0E-23 3.0E-06 4.9E-06 2.8E-09 3.2E-16 5.9E-14 2.1E-05 0.00 1.9E-05 2.8E-05 3.4E-05 2.7E-12 
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Table A-12: Activity coefficients for basic copper sulphate solubility data, Cu-Na-SO4-H2O system at 25°C 
a H2O Na
+ NaOH (a) SO4
2- Cu2+ CuO (a) CuO2
2 CuOH+ Cu(OH)4
2- Cu2OH
3+ Cu2(OH)2
2+ Cu3(OH)4
+2 HCuO2
- Cu(OH)3
- H+ NaSO4
- HSO4
- CuSO4 (a) Na2SO4 (a) H2SO4 (a) 
38 1.02 0.50 1.00 0.05 0.05 1.00 0.02 0.37 0.02 0.00 0.02 0.02 0.37 0.37 0.33 0.37 0.77 1.00 1.00 1.00 
39 1.02 0.49 1.00 0.04 0.05 1.00 0.02 0.37 0.02 0.00 0.02 0.02 0.37 0.37 0.33 0.37 0.76 1.00 1.00 1.00 
40 1.02 0.50 1.00 0.05 0.05 1.00 0.02 0.37 0.02 0.00 0.02 0.02 0.37 0.37 0.34 0.37 0.77 1.00 1.00 1.00 
41 1.01 0.54 1.00 0.06 0.06 1.00 0.03 0.42 0.03 0.00 0.03 0.03 0.42 0.42 0.38 0.42 0.55 1.00 1.00 1.00 
42 1.01 0.54 1.00 0.06 0.06 1.00 0.03 0.41 0.03 0.00 0.03 0.03 0.41 0.41 0.37 0.41 0.56 1.00 1.00 1.00 
43 1.01 0.54 1.00 0.06 0.06 1.00 0.03 0.42 0.03 0.00 0.03 0.03 0.42 0.42 0.37 0.42 0.55 1.00 1.00 1.00 
44 1.02 0.50 1.00 0.04 0.05 1.00 0.02 0.38 0.02 0.00 0.02 0.02 0.38 0.38 0.35 0.38 0.71 1.00 1.00 1.00 
45 1.02 0.50 1.00 0.05 0.05 1.00 0.02 0.38 0.02 0.00 0.02 0.02 0.38 0.38 0.34 0.38 0.77 1.00 1.00 1.00 
46 1.02 0.50 1.00 0.05 0.05 1.00 0.02 0.37 0.02 0.00 0.02 0.02 0.37 0.37 0.34 0.38 0.78 1.00 1.00 1.00 
47 1.01 0.55 1.00 0.06 0.06 1.00 0.03 0.42 0.03 0.00 0.03 0.03 0.42 0.42 0.38 0.43 0.56 1.00 1.00 1.00 
48 1.01 0.54 1.00 0.06 0.06 1.00 0.03 0.42 0.03 0.00 0.03 0.03 0.42 0.42 0.38 0.42 0.56 1.00 1.00 1.00 
49 1.01 0.55 1.00 0.06 0.06 1.00 0.03 0.43 0.03 0.00 0.03 0.03 0.43 0.43 0.39 0.43 0.56 1.00 1.00 1.00 
50 1.00 0.73 1.00 0.20 0.18 1.00 0.20 0.67 0.20 0.03 0.20 0.20 0.67 0.67 0.66 0.67 0.77 1.00 1.00 1.00 
51 1.00 0.73 1.00 0.20 0.18 1.00 0.21 0.67 0.21 0.03 0.21 0.21 0.67 0.67 0.67 0.67 0.77 1.00 1.00 1.00 
52 1.00 0.73 1.00 0.20 0.19 1.00 0.21 0.68 0.21 0.03 0.21 0.21 0.68 0.68 0.67 0.68 0.77 1.00 1.00 1.00 
53 1.00 0.75 1.00 0.25 0.20 1.00 0.24 0.70 0.24 0.04 0.24 0.24 0.70 0.70 0.69 0.70 0.73 1.00 1.00 1.00 
54 1.00 0.75 1.00 0.25 0.20 1.00 0.24 0.70 0.24 0.04 0.24 0.24 0.70 0.70 0.70 0.70 0.73 1.00 1.00 1.00 
55 1.00 0.75 1.00 0.25 0.20 1.00 0.24 0.70 0.24 0.04 0.24 0.24 0.70 0.70 0.69 0.70 0.73 1.00 1.00 1.00 
56 1.00 0.73 1.00 0.20 0.18 1.00 0.20 0.67 0.20 0.03 0.20 0.20 0.67 0.67 0.66 0.67 0.77 1.00 1.00 1.00 
57 1.00 0.73 1.00 0.20 0.19 1.00 0.21 0.68 0.21 0.03 0.21 0.21 0.68 0.68 0.67 0.68 0.77 1.00 1.00 1.00 
58 1.00 0.73 1.00 0.20 0.19 1.00 0.21 0.68 0.21 0.03 0.21 0.21 0.68 0.68 0.67 0.68 0.77 1.00 1.00 1.00 
59 1.00 0.75 1.00 0.26 0.21 1.00 0.25 0.71 0.25 0.05 0.25 0.25 0.71 0.71 0.70 0.71 0.74 1.00 1.00 1.00 
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Table A-13: Experimental data for basic copper chloride solubility, Cu-Na-Cl-H2O 
system at 25°C 
Chloride pH H2O mol/L Cu(II) species mol/L Na
+ mol/L Cl- mol/L 
60 3.05 53.8 3.40E-01 3.71E-01 1.05E+00 
61 2.98 53.8 3.41E-01 3.60E-01 1.04E+00 
62 3.00 53.8 3.41E-01 3.63E-01 1.05E+00 
63 3.49 54.4 6.89E-02 7.06E-01 8.44E-01 
64 3.46 54.3 7.47E-02 7.17E-01 8.66E-01 
65 3.44 54.3 7.46E-02 7.05E-01 8.54E-01 
66 3.08 52.8 6.09E-01 4.19E-01 1.64E+00 
67 3.14 52.9 5.90E-01 3.84E-01 1.56E+00 
68 3.87 52.6 6.70E-01 4.21E-01 1.76E+00 
69 3.79 54.1 1.26E-01 7.10E-01 9.62E-01 
70 3.62 54.0 1.44E-01 7.63E-01 1.05E+00 
71 3.45 54.2 1.32E-01 6.64E-01 9.28E-01 
72 3.92 55.3 5.15E-02 3.20E-02 1.35E-01 
73 3.82 55.3 4.98E-02 3.03E-02 1.30E-01 
74 3.84 55.3 4.92E-02 3.37E-02 1.32E-01 
75 4.06 55.3 2.61E-02 6.42E-02 1.16E-01 
76 4.07 55.3 2.45E-02 6.39E-02 1.13E-01 
77 4.06 55.3 2.62E-02 6.26E-02 1.15E-01 
78 4.56 55.4 4.10E-03 8.61E-02 9.43E-02 
79 4.57 55.4 4.59E-03 8.78E-02 9.70E-02 
80 4.67 55.4 3.66E-03 9.02E-02 9.75E-02 
81 3.99 55.3 4.70E-02 2.89E-02 1.23E-01 
82 4.12 55.3 5.00E-02 3.00E-02 1.30E-01 
83 3.88 55.3 4.83E-02 3.16E-02 1.28E-01 
84 4.41 55.3 2.55E-02 6.20E-02 1.13E-01 
85 4.68 55.3 2.50E-02 6.56E-02 1.16E-01 
86 4.67 55.3 2.64E-02 6.57E-02 1.19E-01 
87 4.97 55.4 4.26E-03 8.88E-02 9.73E-02 
88 4.83 55.4 4.72E-03 9.17E-02 1.01E-01 
89 4.88 55.4 3.40E-03 9.08E-02 9.76E-02 
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Table A-14: Solved speciation for basic copper chloride solubility data, Cu-Na-Cl-H2O system at 25°C 
mol/L H2O Na
+ NaOH (a) Cl- Cu2+ CuO  (a) CuO2
2- CuOH+ Cu(OH)4
2- Cu2OH
3+ Cu2(OH)2
2+ Cu3(OH)4
2+ HCuO2
- Cu(OH)3
- H+ CuCl+ CuCl2 (a) CuCl3
- CuCl4
2- NaCl (a) HCl (a) 
60 56.13 0.36 1.5E-12 0.96 0.24 7.8E-11 5.5E-30 1.1E-06 3.2E-28 5.4E-04 1.6E-06 3.7E-12 3.3E-20 6.0E-18 1.4E-03 1.1E-01 2.5E-03 7.7E-05 1.6E-06 2.7E-02 1.3E-04 
61 56.15 0.35 1.2E-12 0.95 0.25 5.6E-11 2.9E-30 9.6E-07 1.7E-28 4.6E-04 1.2E-06 1.9E-12 2.0E-20 3.7E-18 1.6E-03 1.1E-01 2.5E-03 7.6E-05 1.5E-06 2.6E-02 1.5E-04 
62 56.79 0.36 1.3E-12 0.96 0.25 6.2E-11 3.5E-30 1.0E-06 2.0E-28 4.9E-04 1.3E-06 2.4E-12 2.3E-20 4.3E-18 1.6E-03 1.1E-01 2.6E-03 7.9E-05 1.6E-06 2.7E-02 1.4E-04 
63 56.69 0.69 8.4E-12 0.81 0.05 1.5E-10 5.9E-29 7.5E-07 3.4E-27 4.7E-05 6.1E-07 2.7E-12 1.6E-19 3.0E-17 4.8E-04 2.2E-02 5.0E-04 1.1E-05 2.2E-07 4.3E-02 3.5E-05 
64 56.65 0.70 8.0E-12 0.83 0.05 1.4E-10 5.0E-29 7.5E-07 2.8E-27 5.4E-05 6.2E-07 2.6E-12 1.4E-19 2.7E-17 5.2E-04 2.5E-02 5.6E-04 1.3E-05 2.6E-07 4.4E-02 3.9E-05 
65 56.78 0.69 7.5E-12 0.82 0.05 1.3E-10 4.1E-29 7.2E-07 2.3E-27 5.0E-05 5.6E-07 2.2E-12 1.3E-19 2.3E-17 5.4E-04 2.4E-02 5.5E-04 1.3E-05 2.5E-07 4.3E-02 4.0E-05 
66 55.08 0.39 1.7E-12 1.44 0.42 1.4E-10 1.8E-29 2.1E-06 1.1E-27 4.3E-03 7.7E-06 3.2E-11 7.1E-20 1.3E-17 1.3E-03 2.0E-01 8.8E-03 3.0E-04 1.4E-05 5.0E-02 2.1E-04 
67 55.20 0.36 1.8E-12 1.38 0.41 1.8E-10 3.0E-29 2.3E-06 1.7E-27 4.2E-03 9.0E-06 4.7E-11 1.0E-19 1.9E-17 1.1E-03 1.9E-01 7.8E-03 2.7E-04 1.1E-05 4.4E-02 1.7E-04 
68 55.49 0.39 1.1E-11 1.59 0.44 5.6E-09 3.0E-26 1.4E-05 1.7E-24 3.5E-02 3.4E-04 5.5E-08 1.8E-17 3.2E-15 2.0E-04 1.9E-01 1.0E-02 3.6E-04 1.9E-05 5.5E-02 3.6E-05 
69 56.47 0.69 1.7E-11 0.91 0.09 1.0E-09 1.8E-27 2.6E-06 1.1E-25 3.8E-04 8.0E-06 2.4E-10 2.3E-18 4.2E-16 2.4E-04 4.1E-02 1.0E-03 2.6E-05 6.1E-07 4.8E-02 2.0E-05 
70 56.34 0.74 1.2E-11 0.99 0.10 5.3E-10 4.7E-28 2.0E-06 2.7E-26 3.8E-04 4.9E-06 7.5E-11 8.0E-19 1.5E-16 3.6E-04 4.8E-02 1.3E-03 3.6E-05 9.6E-07 5.5E-02 3.3E-05 
71 56.62 0.65 7.1E-12 0.88 0.09 2.3E-10 8.2E-29 1.2E-06 4.7E-27 1.8E-04 1.8E-06 1.2E-11 2.3E-19 4.2E-17 5.4E-04 4.3E-02 1.0E-03 2.6E-05 5.5E-07 4.3E-02 4.3E-05 
72 55.77 0.03 1.1E-12 0.13 0.05 1.5E-09 1.2E-27 2.0E-06 6.8E-26 1.3E-05 2.2E-06 9.6E-11 3.1E-18 5.8E-16 1.6E-04 5.6E-03 2.5E-05 9.8E-08 1.2E-10 3.9E-04 2.3E-06 
73 55.78 0.03 8.7E-13 0.13 0.04 9.2E-10 4.6E-28 1.5E-06 2.6E-26 9.9E-06 1.3E-06 3.6E-11 1.5E-18 2.8E-16 2.1E-04 5.3E-03 2.3E-05 8.7E-08 1.0E-10 3.5E-04 2.9E-06 
74 55.55 0.03 1.0E-12 0.13 0.04 9.9E-10 5.4E-28 1.6E-06 3.1E-26 1.0E-05 1.4E-06 4.1E-11 1.7E-18 3.2E-16 2.0E-04 5.2E-03 2.4E-05 8.8E-08 1.1E-10 4.0E-04 2.8E-06 
75 55.82 0.06 3.3E-12 0.11 0.02 1.6E-09 2.2E-27 1.5E-06 1.2E-25 4.4E-06 1.2E-06 5.8E-11 4.6E-18 8.4E-16 1.2E-04 2.7E-03 1.2E-05 3.7E-08 4.0E-11 7.0E-04 1.5E-06 
76 55.82 0.06 3.4E-12 0.11 0.02 1.6E-09 2.2E-27 1.5E-06 1.3E-25 3.9E-06 1.1E-06 5.4E-11 4.6E-18 8.6E-16 1.1E-04 2.5E-03 1.0E-05 3.2E-08 3.4E-11 6.8E-04 1.4E-06 
77 55.82 0.06 3.2E-12 0.11 0.02 1.6E-09 2.2E-27 1.5E-06 1.2E-25 4.4E-06 1.2E-06 5.9E-11 4.6E-18 8.5E-16 1.2E-04 2.7E-03 1.1E-05 3.6E-08 3.9E-11 6.8E-04 1.5E-06 
78 55.92 0.09 1.5E-11 0.09 0.00 3.0E-09 3.3E-26 8.4E-07 1.9E-24 3.1E-07 3.5E-07 3.0E-11 2.5E-17 4.7E-15 3.5E-05 4.1E-04 1.5E-06 3.8E-09 3.3E-12 8.2E-04 4.0E-07 
79 55.81 0.09 1.5E-11 0.10 0.00 3.5E-09 4.1E-26 9.5E-07 2.3E-24 4.1E-07 4.5E-07 4.5E-11 3.0E-17 5.6E-15 3.5E-05 4.6E-04 1.8E-06 4.5E-09 4.1E-12 8.5E-04 4.0E-07 
80 55.86 0.09 2.0E-11 0.10 0.00 4.4E-09 8.1E-26 9.6E-07 4.6E-24 3.3E-07 4.5E-07 5.8E-11 4.8E-17 8.9E-15 2.7E-05 3.7E-04 1.4E-06 3.6E-09 3.3E-12 8.8E-04 3.2E-07 
81 55.79 0.03 1.2E-12 0.12 0.04 2.0E-09 2.0E-27 2.2E-06 1.2E-25 1.3E-05 2.6E-06 1.5E-10 4.8E-18 8.8E-16 1.4E-04 4.8E-03 2.0E-05 7.2E-08 8.0E-11 3.2E-04 1.8E-06 
82 55.78 0.03 1.7E-12 0.13 0.05 3.7E-09 7.3E-27 3.1E-06 4.1E-25 2.0E-05 5.3E-06 5.7E-10 1.2E-17 2.3E-15 1.0E-04 5.3E-03 2.3E-05 8.7E-08 1.0E-10 3.5E-04 1.4E-06 
83 55.56 0.03 1.0E-12 0.12 0.04 1.2E-09 7.7E-28 1.7E-06 4.4E-26 1.0E-05 1.7E-06 5.7E-11 2.3E-18 4.2E-16 1.8E-04 5.0E-03 2.2E-05 8.0E-08 9.4E-11 3.6E-04 2.5E-06 
84 55.82 0.06 7.1E-12 0.11 0.02 8.1E-09 5.3E-26 3.3E-06 3.0E-24 9.4E-06 5.9E-06 1.4E-09 5.0E-17 9.3E-15 5.2E-05 2.6E-03 1.1E-05 3.4E-08 3.5E-11 6.6E-04 6.5E-07 
85 55.82 0.07 1.4E-11 0.11 0.02 2.7E-08 6.2E-25 6.0E-06 3.5E-23 1.7E-05 1.9E-05 1.5E-08 3.2E-16 5.9E-14 2.8E-05 2.6E-03 1.1E-05 3.5E-08 3.8E-11 7.2E-04 3.6E-07 
86 55.81 0.07 1.4E-11 0.12 0.02 2.7E-08 6.0E-25 6.2E-06 3.4E-23 1.9E-05 2.1E-05 1.6E-08 3.1E-16 5.7E-14 2.8E-05 2.8E-03 1.2E-05 3.9E-08 4.4E-11 7.3E-04 3.7E-07 
87 55.92 0.09 3.8E-11 0.10 0.00 2.0E-08 1.5E-24 2.2E-06 8.5E-23 8.8E-07 2.4E-06 1.4E-09 4.4E-16 8.2E-14 1.4E-05 4.3E-04 1.7E-06 4.2E-09 3.9E-12 8.7E-04 1.6E-07 
88 55.80 0.09 2.9E-11 0.10 0.00 1.2E-08 4.6E-25 1.8E-06 2.6E-23 7.9E-07 1.6E-06 5.2E-10 1.9E-16 3.4E-14 1.9E-05 4.9E-04 1.9E-06 5.1E-09 4.9E-12 9.2E-04 2.3E-07 
89 55.86 0.09 3.2E-11 0.10 0.00 1.1E-08 5.2E-25 1.4E-06 3.0E-23 4.5E-07 1.0E-06 3.2E-10 1.9E-16 3.5E-14 1.7E-05 3.4E-04 1.3E-06 3.4E-09 3.1E-12 8.9E-04 2.0E-07 
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Table A-15: Activity coefficients for basic copper chloride solubility data, Cu-Na-Cl-H2O system at 25°C 
a H2O Na
+ NaOH (a) Cl- Cu2+ CuO (a) CuO2
2- CuOH+ Cu(OH)4
2- Cu2OH
3+ Cu2(OH)2
2+ Cu3(OH)4
2+ HCuO2
- Cu(OH)3
- H+ CuCl+ CuCl2 (a) CuCl3
- CuCl4
2- NaCl (a) HCl (a) 
60 1.00 0.62 1.00 0.76 0.16 1.00 0.04 0.46 0.04 0.00 0.04 0.04 0.46 0.46 0.64 0.78 1.65 0.99 0.18 1.00 1.00 
61 1.00 0.62 1.00 0.76 0.16 1.00 0.04 0.46 0.04 0.00 0.04 0.04 0.46 0.46 0.64 0.78 1.64 0.99 0.18 1.00 1.00 
62 1.00 0.62 1.00 0.76 0.16 1.00 0.04 0.46 0.04 0.00 0.04 0.04 0.46 0.46 0.64 0.78 1.64 0.99 0.18 1.00 1.00 
63 1.00 0.66 1.00 0.69 0.21 1.00 0.06 0.50 0.06 0.00 0.06 0.06 0.50 0.50 0.67 0.75 1.28 0.79 0.11 1.00 1.00 
64 1.00 0.66 1.00 0.69 0.20 1.00 0.06 0.50 0.06 0.00 0.06 0.06 0.50 0.50 0.67 0.75 1.29 0.80 0.11 1.00 1.00 
65 1.00 0.66 1.00 0.69 0.20 1.00 0.06 0.50 0.06 0.00 0.06 0.06 0.50 0.50 0.67 0.75 1.29 0.79 0.11 1.00 1.00 
66 1.00 0.62 1.00 0.88 0.15 1.00 0.03 0.42 0.03 0.00 0.03 0.03 0.42 0.42 0.64 1.19 2.29 2.16 0.29 1.00 1.00 
67 1.00 0.61 1.00 0.87 0.15 1.00 0.03 0.42 0.03 0.00 0.03 0.03 0.42 0.42 0.64 1.12 2.22 1.94 0.28 1.00 1.00 
68 1.00 0.62 1.00 0.86 0.15 1.00 0.03 0.41 0.03 0.00 0.03 0.03 0.41 0.41 0.66 1.37 2.36 2.36 0.30 1.00 1.00 
69 1.00 0.65 1.00 0.70 0.19 1.00 0.05 0.48 0.05 0.00 0.05 0.05 0.48 0.48 0.66 0.78 1.37 0.86 0.12 1.00 1.00 
70 1.00 0.65 1.00 0.71 0.19 1.00 0.05 0.47 0.05 0.00 0.05 0.05 0.47 0.47 0.66 0.81 1.42 0.91 0.12 1.00 1.00 
71 1.00 0.65 1.00 0.70 0.19 1.00 0.05 0.49 0.05 0.00 0.05 0.05 0.49 0.49 0.66 0.76 1.37 0.85 0.12 1.00 1.00 
72 1.00 0.73 1.00 0.77 0.29 1.00 0.22 0.68 0.22 0.03 0.22 0.22 0.68 0.68 0.73 0.71 1.07 0.70 0.28 1.00 1.00 
73 1.00 0.73 1.00 0.77 0.29 1.00 0.22 0.69 0.22 0.03 0.22 0.22 0.69 0.69 0.73 0.72 1.07 0.70 0.28 1.00 1.00 
74 1.00 0.73 1.00 0.77 0.29 1.00 0.22 0.68 0.22 0.03 0.22 0.22 0.68 0.68 0.73 0.72 1.07 0.70 0.28 1.00 1.00 
75 1.00 0.75 1.00 0.77 0.33 1.00 0.25 0.71 0.25 0.04 0.25 0.25 0.71 0.71 0.75 0.74 1.05 0.73 0.30 1.00 1.00 
76 1.00 0.75 1.00 0.77 0.33 1.00 0.26 0.71 0.26 0.05 0.26 0.26 0.71 0.71 0.75 0.74 1.05 0.74 0.30 1.00 1.00 
77 1.00 0.75 1.00 0.77 0.33 1.00 0.25 0.71 0.25 0.04 0.25 0.25 0.71 0.71 0.75 0.74 1.05 0.73 0.30 1.00 1.00 
78 1.00 0.78 1.00 0.78 0.38 1.00 0.30 0.74 0.30 0.07 0.30 0.30 0.74 0.74 0.78 0.77 1.03 0.77 0.32 1.00 1.00 
79 1.00 0.78 1.00 0.78 0.38 1.00 0.30 0.74 0.30 0.07 0.30 0.30 0.74 0.74 0.78 0.76 1.03 0.77 0.32 1.00 1.00 
80 1.00 0.78 1.00 0.78 0.38 1.00 0.30 0.74 0.30 0.07 0.30 0.30 0.74 0.74 0.78 0.76 1.03 0.77 0.32 1.00 1.00 
81 1.00 0.73 1.00 0.77 0.30 1.00 0.23 0.69 0.23 0.04 0.23 0.23 0.69 0.69 0.74 0.72 1.07 0.71 0.29 1.00 1.00 
82 1.00 0.73 1.00 0.77 0.29 1.00 0.22 0.69 0.22 0.03 0.22 0.22 0.69 0.69 0.73 0.72 1.07 0.70 0.28 1.00 1.00 
83 1.00 0.73 1.00 0.77 0.29 1.00 0.22 0.69 0.22 0.03 0.22 0.22 0.69 0.69 0.73 0.72 1.07 0.70 0.29 1.00 1.00 
84 1.00 0.75 1.00 0.77 0.33 1.00 0.25 0.71 0.25 0.05 0.25 0.25 0.71 0.71 0.75 0.74 1.05 0.74 0.30 1.00 1.00 
85 1.00 0.75 1.00 0.77 0.33 1.00 0.25 0.71 0.25 0.05 0.25 0.25 0.71 0.71 0.75 0.74 1.05 0.74 0.30 1.00 1.00 
86 1.00 0.75 1.00 0.77 0.32 1.00 0.25 0.71 0.25 0.04 0.25 0.25 0.71 0.71 0.75 0.74 1.05 0.73 0.29 1.00 1.00 
87 1.00 0.78 1.00 0.78 0.38 1.00 0.30 0.74 0.30 0.07 0.30 0.30 0.74 0.74 0.78 0.76 1.03 0.77 0.32 1.00 1.00 
88 1.00 0.77 1.00 0.78 0.37 1.00 0.29 0.73 0.29 0.06 0.29 0.29 0.73 0.73 0.78 0.76 1.03 0.77 0.31 1.00 1.00 
89 1.00 0.78 1.00 0.78 0.38 1.00 0.30 0.74 0.30 0.07 0.30 0.30 0.74 0.74 0.78 0.77 1.03 0.77 0.32 1.00 1.00 
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Table A-16: Experimental data for basic copper nitrate solubility, Cu-Na-NO3-H2O 
system at 25°C 
Nitrate pH H2O mol/L Cu(II) species mol/L Na
+ mol/L NO3
- mol/L 
90 3.88 51.9 1.77E-01 3.77E-01 7.31E-01 
91 3.87 51.9 1.75E-01 3.70E-01 7.20E-01 
92 3.87 51.9 1.75E-01 3.73E-01 7.24E-01 
93 4.09 50.3 3.08E-01 4.21E-01 1.04E+00 
94 3.98 50.4 3.02E-01 4.17E-01 1.02E+00 
95 3.98 50.7 2.95E-01 3.76E-01 9.65E-01 
96 4.70 55.0 3.74E-02 2.82E-02 1.03E-01 
97 4.70 55.0 3.51E-02 2.15E-02 9.18E-02 
98 4.69 55.0 3.80E-02 2.33E-02 9.93E-02 
99 4.93 55.1 1.92E-02 4.65E-02 8.50E-02 
100 4.91 55.1 1.98E-02 4.50E-02 8.46E-02 
101 4.93 55.1 1.88E-02 4.63E-02 8.39E-02 
102 4.76 55.0 3.55E-02 2.23E-02 9.34E-02 
103 4.72 55.0 3.67E-02 2.23E-02 9.57E-02 
104 4.71 55.0 3.70E-02 2.22E-02 9.62E-02 
105 4.96 55.1 1.87E-02 4.44E-02 8.19E-02 
106 4.97 55.1 2.01E-02 4.46E-02 8.48E-02 
107 4.98 55.1 1.85E-02 4.54E-02 8.25E-02 
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Table A-17: Solved speciation for basic copper nitrate solubility data, Cu-Na-NO3-H2O system at 25°C 
mol/L H2O Na
+ NaOH (a) NO3(
-a) Cu2+ CuO (a) CuO2
2- CuOH+ Cu(OH)4
2- Cu2OH
3+ Cu2(OH)2
2+ Cu3(OH)4
2+ HCuO2
- Cu(OH)3
- H+ Cu(NO3)2 (a) NaNO3 (a) HNO3 (a) 
90 54.99 0.31 7.6E-12 0.66 0.18 3.0E-09 7.4E-27 6.1E-06 4.2E-25 1.3E-03 4.1E-05 3.6E-09 8.0E-18 1.5E-15 2.3E-04 8.7E-03 9.3E-02 3.2E-06 
91 55.04 0.30 7.3E-12 0.66 0.17 2.9E-09 6.6E-27 5.9E-06 3.7E-25 1.3E-03 3.8E-05 3.2E-09 7.4E-18 1.4E-15 2.3E-04 8.5E-03 9.0E-02 3.2E-06 
92 55.49 0.31 7.4E-12 0.66 0.18 2.9E-09 6.7E-27 5.9E-06 3.8E-25 1.3E-03 3.9E-05 3.3E-09 7.5E-18 1.4E-15 2.3E-04 8.7E-03 9.2E-02 3.2E-06 
93 53.32 0.32 1.2E-11 0.93 0.28 1.1E-08 1.1E-25 1.5E-05 6.1E-24 1.1E-02 3.0E-04 9.6E-08 5.2E-17 9.6E-15 1.5E-04 2.4E-02 1.3E-01 2.8E-06 
94 53.41 0.32 9.1E-12 0.91 0.28 6.5E-09 3.8E-26 1.2E-05 2.2E-24 8.0E-03 1.8E-04 3.4E-08 2.4E-17 4.5E-15 1.9E-04 2.3E-02 1.2E-01 3.5E-06 
95 54.15 0.29 8.4E-12 0.88 0.28 6.5E-09 3.6E-26 1.1E-05 2.1E-24 7.1E-03 1.7E-04 3.2E-08 2.4E-17 4.4E-15 1.9E-04 2.2E-02 1.1E-01 3.4E-06 
96 55.55 0.03 5.8E-12 0.10 0.04 4.9E-08 1.3E-24 1.0E-05 7.2E-23 5.0E-05 5.9E-05 8.5E-08 6.0E-16 1.1E-13 2.7E-05 9.6E-05 1.8E-03 8.2E-08 
97 55.37 0.02 4.4E-12 0.09 0.04 4.8E-08 1.1E-24 1.0E-05 6.5E-23 4.1E-05 5.2E-05 7.2E-08 5.8E-16 1.1E-13 2.7E-05 7.5E-05 1.3E-03 7.4E-08 
98 53.37 0.02 4.5E-12 0.09 0.04 4.6E-08 1.1E-24 1.0E-05 6.3E-23 4.6E-05 5.4E-05 7.2E-08 5.5E-16 1.0E-13 2.8E-05 8.2E-05 1.4E-03 7.8E-08 
99 55.54 0.04 1.7E-11 0.08 0.02 8.3E-08 5.2E-24 1.0E-05 2.9E-22 2.0E-05 4.9E-05 1.2E-07 1.7E-15 3.1E-13 1.5E-05 3.7E-05 2.6E-03 3.9E-08 
100 55.60 0.04 1.6E-11 0.08 0.02 7.8E-08 4.4E-24 9.8E-06 2.5E-22 2.0E-05 4.8E-05 1.1E-07 1.5E-15 2.7E-13 1.6E-05 3.8E-05 2.5E-03 4.1E-08 
101 55.48 0.04 1.7E-11 0.08 0.02 8.2E-08 5.0E-24 9.8E-06 2.9E-22 1.9E-05 4.7E-05 1.1E-07 1.6E-15 3.0E-13 1.5E-05 3.6E-05 2.6E-03 3.9E-08 
102 55.59 0.02 5.3E-12 0.09 0.04 6.3E-08 2.0E-24 1.2E-05 1.2E-22 4.9E-05 7.1E-05 1.3E-07 8.8E-16 1.6E-13 2.3E-05 7.9E-05 1.4E-03 6.6E-08 
103 55.37 0.02 4.8E-12 0.09 0.04 5.4E-08 1.5E-24 1.1E-05 8.3E-23 4.8E-05 6.2E-05 9.7E-08 6.8E-16 1.3E-13 2.6E-05 8.3E-05 1.4E-03 7.3E-08 
104 53.40 0.02 4.5E-12 0.09 0.04 5.0E-08 1.3E-24 1.0E-05 7.3E-23 4.5E-05 5.6E-05 8.1E-08 6.2E-16 1.1E-13 2.6E-05 7.6E-05 1.3E-03 7.3E-08 
105 55.56 0.04 1.7E-11 0.08 0.02 9.4E-08 6.6E-24 1.0E-05 3.7E-22 2.0E-05 5.4E-05 1.5E-07 2.0E-15 3.7E-13 1.4E-05 3.4E-05 2.4E-03 3.6E-08 
106 55.60 0.04 1.8E-11 0.08 0.02 1.0E-07 7.8E-24 1.1E-05 4.4E-22 2.4E-05 6.5E-05 1.9E-07 2.3E-15 4.2E-13 1.4E-05 3.9E-05 2.5E-03 3.6E-08 
107 55.50 0.04 1.9E-11 0.08 0.02 1.0E-07 7.8E-24 1.1E-05 4.5E-22 2.0E-05 5.8E-05 1.7E-07 2.3E-15 4.2E-13 1.4E-05 3.4E-05 2.5E-03 3.4E-08 
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Table A-18: Activity coefficients for basic copper nitrate solubility data, Cu-Na-NO3-H2O system at 25°C 
a H2O Na
+ NaOH (a) NO3(
-a) Cu2+ CuO (a) CuO2
2- CuOH+ Cu(OH)4
2- Cu2OH
3+ Cu2(OH)2
2+ Cu3(OH)4
2+ HCuO2
- Cu(OH)3
- H+ Cu(NO3)2 (a) NaNO3 (a) HNO3 (a) 
90 1.00 0.54 1.00 0.70 0.19 1.00 0.06 0.49 0.06 0.00 0.06 0.06 0.49 0.49 0.59 1.00 1.00 1.00 
91 1.00 0.55 1.00 0.70 0.19 1.00 0.06 0.50 0.06 0.00 0.06 0.06 0.50 0.50 0.59 1.00 1.00 1.00 
92 1.00 0.55 1.00 0.70 0.19 1.00 0.06 0.49 0.06 0.00 0.06 0.06 0.49 0.49 0.59 1.00 1.00 1.00 
93 1.00 0.50 1.00 0.71 0.16 1.00 0.04 0.44 0.04 0.00 0.04 0.04 0.44 0.44 0.55 1.00 1.00 1.00 
94 1.00 0.50 1.00 0.72 0.16 1.00 0.04 0.44 0.04 0.00 0.04 0.04 0.44 0.44 0.55 1.00 1.00 1.00 
95 1.00 0.50 1.00 0.72 0.16 1.00 0.04 0.45 0.04 0.00 0.04 0.04 0.45 0.45 0.55 1.00 1.00 1.00 
96 1.00 0.72 1.00 0.79 0.33 1.00 0.25 0.70 0.25 0.04 0.25 0.25 0.70 0.70 0.74 1.00 1.00 1.00 
97 1.00 0.73 1.00 0.79 0.34 1.00 0.26 0.71 0.26 0.05 0.26 0.26 0.71 0.71 0.74 1.00 1.00 1.00 
98 1.00 0.72 1.00 0.79 0.33 1.00 0.25 0.71 0.25 0.04 0.25 0.25 0.71 0.71 0.74 1.00 1.00 1.00 
99 1.00 0.75 1.00 0.79 0.37 1.00 0.29 0.74 0.29 0.06 0.29 0.29 0.74 0.74 0.76 1.00 1.00 1.00 
100 1.00 0.75 1.00 0.79 0.37 1.00 0.29 0.74 0.29 0.06 0.29 0.29 0.74 0.74 0.76 1.00 1.00 1.00 
101 1.00 0.75 1.00 0.79 0.37 1.00 0.30 0.74 0.30 0.06 0.30 0.30 0.74 0.74 0.76 1.00 1.00 1.00 
102 1.00 0.73 1.00 0.79 0.33 1.00 0.26 0.71 0.26 0.05 0.26 0.26 0.71 0.71 0.74 1.00 1.00 1.00 
103 1.00 0.73 1.00 0.79 0.33 1.00 0.25 0.71 0.25 0.05 0.25 0.25 0.71 0.71 0.74 1.00 1.00 1.00 
104 1.00 0.73 1.00 0.79 0.33 1.00 0.25 0.71 0.25 0.05 0.25 0.25 0.71 0.71 0.74 1.00 1.00 1.00 
105 1.00 0.76 1.00 0.79 0.38 1.00 0.30 0.74 0.30 0.07 0.30 0.30 0.74 0.74 0.77 1.00 1.00 1.00 
106 1.00 0.75 1.00 0.79 0.37 1.00 0.29 0.74 0.29 0.06 0.29 0.29 0.74 0.74 0.76 1.00 1.00 1.00 
107 1.00 0.75 1.00 0.79 0.38 1.00 0.30 0.74 0.30 0.07 0.30 0.30 0.74 0.74 0.77 1.00 1.00 1.00 
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Appendix 2 
Thermogravimetric (TG), Derivative Thermogravimetric (DTG) and Differential Scanning 
Calorimetric (DSC) curves were recorded on a SDT Q600 TA instrument. The instrument 
was calibrated in accordance to procedures described by Sarge et al. (1994) (Sarge et al. 
1994). 
 
Figure A-1: Six metal temperature calibration points used for the TGA DSC 
calibration 
The heat calculations were based on partial integration of the sensible and latent heat of 
copper compounds in accordance to work carried out by Balucan et al. (2013) on GSB 
lizardite, shown in Figure A-2 (Balucan et al. 2013). The start and end points (TStart and 
TEnd) for each QLatent value are taken from the beginning and end of a measured weight 
change. QSensible relates to the heat capacity of the compound and is calculated by 
subtracting QLatent from QTotal. The same method was applied to the samples in this study, 
except temperature is used instead of time and total weight % not %OHres. 
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Figure A-2: Diagram showing method of heat calculation based on partial 
integration of the sensible and latent heats during heating and decomposition of 
solid phases 
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Appendix 3 
Energy Balance Data 
Table A-19: Integrated FactSage Cp dT functions of each feed component used to 
calculate enthalpy change into the copper converter mass and energy balance. 
(Bale et al. 2010) 
Component Applicable Temperature 
Range (K) 
Integral of FactSage (Cp)dT values (T in K) – J/mol 
Matte Stream Components 
Cu2S (s1) 298-376 (81.59)xT 
Cu2S (s1 – s2) 376 (3.85x10
3) 
Cu2S (s2) 376-623 (97.28)xT 
Cu2S (s2 – s3) 623 (8.37x10
2) 
Cu2S (s3) 623-1403 (85.02)xT 
Cu2S(s3 – l) 1403 (1.09x10
4) 
Cu2S (l) 1403-2000 (89.12)xT 
FeS (s1) 298-411 (-4.57x102)xT + (4.73x10-1)xT2 + (6.74x104)/T 
FeS (s1 – s2) 411 (1.67x103) 
FeS (s2) 411-598 (72.36)xT 
FeS (s2 – s3) 598 (3.97x102) 
FeS (s3) 598-1463 (-1.27x104)xT + (1.16x10-1)xT2 + (-6.37x107)/T +  
(1.18x105)xT1/2 + (-8.43x105)xln(T) 
FeS (s3 – l) 1463 (3.15x104) 
FeS (l) 1463-3800 (62.55)xT 
PCP Stream Components 
CuSO4.3Cu(OH)2 298-477 (268.04)xT + (2.95x10
-1)xT2 + (1.39x10-4)xT3 + (4.94x106)/T 
CaSO4.2H2O 298-800 (91.38)xT + (1.59x10
-1)xT2 
CaCO3 298-1200 (1.05x10
2)xT + (1.10x10-2)xT2 + (2.59x106)/T 
H2O (l) 298-500 (-2.03x10
2)xT + (7.60x10-1)xT2 + (-3.85x106)/T +  
(-1.06x10-3)xT3 + (6.18x10-7)xT4 
CuO (s) 298-2000 (4.86x101)xT + (3.71x10-3)xT2 + (7.61x105)/T 
CuSO4 (s) 298-2000 (-3.84x10
1)xT + (1.50x10-2)xT2 + (-1.32x107)/T +  
(-1.93x105)xln(T) + (2.16x104)xT1/2 
CaSO4 (s) 298-1111 (7.02x10
1)xT + (4.93x10-2)xT2 
The gas and flux streams were considered to enter the converter in their standard state at 25°C or 298.15K 
and therefore did not add any extra enthalpy to the furnace.  
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Table A-20: Integrated FactSage Cp dT functions of each feed component used to 
calculate enthalpy change out of the copper converter mass and energy balance. 
(Bale et al. 2010) 
Component Applicable Temperature 
Range (K) 
Integral of FactSage (Cp)dT values (T in K) – J/mol 
Gas Stream Components 
N2 (g) 298-1600 (1.71x10
1)xT + (8.69x10-3)xT2 + -(1.51x10-6)xT3 + 
(2.30x105)/T + (2.94x103)xln(T) 
CO2 (g) 298-1900 (1.03x10
2)xT + (-2.37x10-3)T2 + (4.02x104)/T +  
(-3.50x103)xT1/2 + (1.10x104)xln(T) 
SO2 (g) 298-1700 (5.30x10
1)xT + (2.17x10-5)xT2 + (-2.28x106)/T + 
(1.49x103)xT1/2 + (-2.44x104)xln(T) 
H2O (l) 298-500 (-2.03x10
2)xT + (7.60x10-1)xT2 + (-3.85x106)/T +  
(-1.06x10-3)xT3 + (6.17x10-7)xT4 
H2O (l – g) 374 (4.09x10
4) 
H2O (g) 374-1100 (2.58x10
1)xT + (7.47x10-3)xT2 + (2.80x104)/T +  
(-1.84x10-7)xT3 + (1.11x103)xln(T) 
H2O (g) 1100-4000 (5.31x10
1)xT + (8.05x10-5)xT2 + (-2.42x107)/T +  
(2.97x103)xT1/2 + (-8.31x104)xln(T) 
N2 (g) 298-1548 (3.92x10
4) 
CO2 (g) 298-1548 (6.31x10
4) 
SO2 (g) 298-1548 (6.37x10
4) 
H2O (l - g) 298-1548 (4.92x10
4) 
Blister Copper Stream Components 
Cu (s) 298-1100 (3.36x101)xT + (-4.57x10-3)xT2 + (-2.13x105)/T +  
(2.29x10-6)xT3 + (-2.80x103)xln(T) 
Cu (s) 1100-1358 (-1.11x103)xT + (4.67x10-2)xT2 + (-3.60x108)/T + 
(1.64x105)xT1/2 + (-1.91x106)xln(T) 
Cu (s - l) 1358 (1.31x104) 
Cu (l) 1358-4000 (3.28x101) 
Cu (s – l) 298-1548 (4.82x104) 
Slag Stream Components* 
FeO (s – l slag) 298-1548 (1.02x105) 
Fe2O3 (s – l slag) 298-1548 (2.46x10
5) 
CaO (s – l slag) 298-1548 (1.43x105) 
SiO2 (s – l slag) 298-1548 (9.27x10
4) 
Cu2O (s – l slag) 298-1548 (1.63x10
5) 
* The enthalpy of heating the slag from 25-1250°C (298-1548K) was taken directly from FactSage as the 
FactSage module also takes into account the heat of mixing the slag components into the enthalpy 
calculation.  
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Mass and Energy Balance Results 
One thousand three hundred and forty four mass and energy balance scenarios were 
simulated (14 slag compositions, 3 furnace types at varying matte and PCP feed 
temperatures, 2 matte grades, 4 oxygen enrichment levels and four PCP feed 
compositions). The copper from PCP, oxygen from PCP and lime from PCP results from 
every slag scenario that could achieve energy balance are presented in the tables below. 
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Raw Feed 
Table A-21: Mitsubishi converter, calcium ferrite slag mass and energy balance 
scenario results 
Scenario Matte Grade O2 Vol. % Slag type 
Cu from 
PCP (wt. %) 
O from PCP 
(wt. %) 
CaO from 
PCP (wt. %) 
Mitsubishi 
Continuous 
Converter 
Hot matte 
feed 1250°C 
Cold PCP 
25°C 
CF Slags 
Only 
60% Cu 
50 
CF1 19.4 18.0 41.0 
CF2 24.3 23.7 92.0 
CF3 19.5 18.5 45.0 
CF4 20.6 19.8 53.9 
40 
CF1 15.8 14.2 33.4 
CF2 20.9 19.7 79.1 
CF3 16.0 14.6 36.8 
CF4 17.1 15.9 44.8 
30 
CF1 9.2 7.8 19.5 
CF2 14.7 13.1 55.4 
CF3 9.5 8.3 22.0 
CF4 10.8 9.5 28.2 
21 
CF1 0.0 0.0 0.0 
CF2 2.0 1.6 7.7 
CF3 0.0 0.0 0.0 
CF4 0.0 0.0 0.0 
70% Cu 
50 
CF1 13.2 17.2 65.3 
CF2 11.2 14.4 100.0 
CF3 13.2 17.5 71.5 
CF4 13.7 18.3 84.1 
40 
CF1 10.6 13.4 52.6 
CF2 11.2 14.4 100.0 
CF3 10.7 13.7 57.8 
CF4 11.2 14.4 68.7 
30 
CF1 5.9 7.1 29.5 
CF2 8.3 10.2 73.4 
CF3 6.1 7.4 32.9 
CF4 6.6 8.1 40.6 
21 
CF1 0.0 0.0 0.0 
CF2 0.0 0.0 0.0 
CF3 0.0 0.0 0.0 
CF4 0.0 0.0 0.0 
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Table A-22: Peirce Smith converter, calcium ferro silicate slag mass and energy 
balance scenario results 
Scenario Matte Grade O2 Vol. % Slag type 
Cu from 
PCP (wt. %) 
O from PCP 
(wt. %) 
CaO from 
PCP (wt. %) 
Peirce Smith 
Converter 
Hot matte 
feed 1250°C 
Cold PCP 
25°C 
CFS Slags  
60% Cu 
50 
CFS1 11.0 10.4 100.0 
CFS2 7.0 5.9 9.5 
CFS3 12.0 10.9 100.0 
CFS4 9.1 7.9 12.4 
CFS5 18.4 17.5 54.7 
CFS6 16.8 15.8 53.8 
CFS7 1.2 1.0 1.6 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
40 
CFS1 11.4 10.6 100.0 
CFS2 3.1 2.5 4.1 
CFS3 12.0 10.9 100.0 
CFS4 5.3 4.4 7.1 
CFS5 14.9 13.7 44.2 
CFS6 13.3 12.1 42.4 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
30 
CFS1 11.6 10.5 96.7 
CFS2 0.0 0.0 0.0 
CFS3 11.8 10.8 100.0 
CFS4 0.0 0.0 0.0 
CFS5 8.5 7.4 25.2 
CFS6 6.8 5.8 21.7 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
21 
CFS1 0.0 0.0 0.0 
CFS2 0.0 0.0 0.0 
CFS3 1.8 1.5 14.6 
CFS4 0.0 0.0 0.0 
CFS5 0.0 0.0 0.0 
260 
CFS6 0.0 0.0 0.0 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
70% Cu 
50 
CFS1 5.1 6.2 100.0 
CFS2 7.9 9.8 25.1 
CFS3 5.1 6.2 100.0 
CFS4 8.8 11.0 28.0 
CFS5 12.7 16.9 88.9 
CFS6 12.1 15.9 90.6 
CFS7 5.4 6.7 16.2 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 2.2 2.6 5.1 
40 
CFS1 5.1 6.2 100.0 
CFS2 5.2 6.2 16.5 
CFS3 5.1 6.2 100.0 
CFS4 6.1 7.4 19.5 
CFS5 10.2 13.1 71.3 
CFS6 9.5 12.2 71.6 
CFS7 2.7 3.2 8.1 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
30 
CFS1 5.0 6.1 100.0 
CFS2 0.3 0.3 0.8 
CFS3 5.1 6.2 100.0 
CFS4 1.2 1.4 4.0 
CFS5 5.6 6.8 39.3 
CFS6 4.9 5.9 36.8 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
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Table A-23: Top-Submerged Lance converter, calcium ferrite and calcium ferro 
silicate slag mass and energy balance scenario results 
Scenario Matte Grade O2 Vol. % Slag 
Cu from 
PCP (wt. %) 
O from PCP 
(wt. %) 
CaO from 
PCP (wt. %) 
TSL 
Cold matte 250°C 
Cold PCP 25°C 
2.5 MW E Loss 
60% 
50 
CF1 3.6 2.9 7.7 
CF2 8.5 7.2 32.3 
CF3 3.7 3.1 8.6 
CF4 4.8 4.0 12.6 
CFS1 5.4 4.6 44.7 
CFS2 0.0 0.0 0.0 
CFS3 7.5 6.6 62.7 
CFS4 0.0 0.0 0.0 
CFS5 2.6 2.2 7.8 
CFS6 1.0 0.8 3.3 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
40 
CF1 0.0 0.0 0.0 
CF2 4.6 3.7 17.3 
CF3 0.0 0.0 0.0 
CF4 0.8 0.6 2.1 
CFS1 1.5 1.2 12.2 
CFS2 0.0 0.0 0.0 
CFS3 3.7 3.1 30.8 
CFS4 0.0 0.0 0.0 
CFS5 0.0 0.0 0.0 
CFS6 0.0 0.0 0.0 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
70% 50 
CF1 0.2 0.2 0.8 
CF2 2.2 2.6 19.9 
CF3 0.2 0.2 1.0 
CF4 0.7 0.7 4.0 
CFS1 0.9 1.0 17.6 
CFS2 0.0 0.0 0.0 
CFS3 1.8 2.1 35.5 
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CFS4 0.0 0.0 0.0 
CFS5 0.0 0.0 0.0 
CFS6 0.0 0.0 0.0 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
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Table A-24: Mitsubishi converter, calcium ferrite slag mass and energy balance 
scenario results 
Scenario Matte Grade O2 Vol. % Slag type 
Cu from 
PCP (wt. %) 
O from PCP 
(wt. %) 
CaO from 
PCP (wt. %) 
Mitsubishi 
Continuous 
Converter 
Hot matte 
feed 1250°C 
Cold PCP 
25°C 
CF Slags 
Only 
60% Cu 
50 
CF1 22.6 18.6 23.9 
CF2 28.3 24.7 53.6 
CF3 22.7 19.2 26.2 
CF4 24.0 20.5 31.4 
40 
CF1 18.5 14.7 19.5 
CF2 24.4 20.5 46.1 
CF3 18.6 15.2 21.5 
CF4 20.0 16.5 26.1 
30 
CF1 10.8 8.1 11.4 
CF2 17.1 13.6 32.4 
CF3 11.1 8.6 12.8 
CF4 12.6 9.8 16.5 
21 
CF1 0.0 0.0 0.0 
CF2 2.4 1.7 4.5 
CF3 0.0 0.0 0.0 
CF4 0.0 0.0 0.0 
70% Cu 
50 
CF1 15.3 17.8 38.0 
CF2 17.8 21.3 78.9 
CF3 15.4 18.1 41.6 
CF4 15.9 18.9 48.9 
40 
CF1 12.4 13.9 30.7 
CF2 14.9 17.3 66.2 
CF3 12.5 14.2 33.7 
CF4 13.0 15.0 40.0 
30 
CF1 6.9 7.4 17.2 
CF2 9.6 10.6 42.8 
CF3 7.1 7.6 19.2 
CF4 7.7 8.4 23.7 
21 
CF1 0.0 0.0 0.0 
CF2 0.0 0.0 0.0 
CF3 0.0 0.0 0.0 
CF4 0.0 0.0 0.0 
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Table A-25: Peirce Smith converter, calcium ferro silicate slag mass and energy 
balance scenario results 
Scenario Matte Grade O2 Vol. % Slag type 
Cu from 
PCP (wt. %) 
O from PCP 
(wt. %) 
CaO from 
PCP (wt. %) 
Peirce Smith 
Converter 
Hot matte 
feed 1250°C 
Cold PCP 
25°C 
CFS Slags  
60% Cu 
50 
CFS1 24.0 21.1 100.0 
CFS2 8.2 6.1 5.5 
CFS3 23.3 20.6 100.0 
CFS4 10.6 8.1 7.2 
CFS5 21.4 18.1 31.8 
CFS6 19.6 16.4 31.3 
CFS7 1.4 1.1 0.9 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
40 
CFS1 20.7 17.7 86.3 
CFS2 3.6 2.6 2.4 
CFS3 23.3 20.3 97.1 
CFS4 6.1 4.5 4.2 
CFS5 17.4 14.2 25.8 
CFS6 15.5 12.5 24.7 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
30 
CFS1 13.6 10.9 56.5 
CFS2 0.0 0.0 0.0 
CFS3 16.3 13.4 67.9 
CFS4 0.0 0.0 0.0 
CFS5 9.9 7.6 14.7 
CFS6 7.9 6.0 12.6 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
21 
CFS1 0.0 0.0 0.0 
CFS2 0.0 0.0 0.0 
CFS3 2.1 1.5 8.6 
CFS4 0.0 0.0 0.0 
CFS5 0.0 0.0 0.0 
265 
CFS6 0.0 0.0 0.0 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
70% Cu 
50 
CFS1 9.7 11.0 100.0 
CFS2 9.2 10.1 14.6 
CFS3 10.2 11.5 100.0 
CFS4 10.2 11.4 16.3 
CFS5 14.8 17.5 51.8 
CFS6 14.0 16.5 52.8 
CFS7 6.3 6.9 9.4 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 2.6 2.7 3.0 
40 
CFS1 9.9 11.3 100.0 
CFS2 6.0 6.4 9.6 
CFS3 10.2 11.5 100.0 
CFS4 7.1 7.7 11.4 
CFS5 11.9 13.6 41.6 
CFS6 11.1 12.6 41.7 
CFS7 3.2 3.3 4.7 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
30 
CFS1 8.1 9.0 79.5 
CFS2 0.3 0.3 0.5 
CFS3 9.3 10.4 90.9 
CFS4 1.5 1.5 2.3 
CFS5 6.6 7.1 22.9 
CFS6 5.7 6.1 21.5 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
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Table A-26: Top-Submerged Lance converter, calcium ferrite and calcium ferro 
silicate slag mass and energy balance scenario results 
Scenario Matte Grade O2 Vol. % Slag 
Cu from 
PCP (wt. %) 
O from PCP 
(wt. %) 
CaO from 
PCP (wt. %) 
TSL 
Cold matte 
250°C 
Cold PCP 
25°C 
2.5 MW E 
Loss 
60% 
50 
CF1 4.3 3.0 4.5 
CF2 9.9 7.5 18.8 
CF3 4.3 3.2 5.0 
CF4 5.6 4.1 7.3 
CFS1 6.3 4.8 26.1 
CFS2 0.0 0.0 0.0 
CFS3 8.8 6.8 36.5 
CFS4 0.0 0.0 0.0 
CFS5 3.0 2.2 4.5 
CFS6 1.2 0.9 1.9 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
40 
CF1 0.0 0.0 0.0 
CF2 5.3 3.9 10.1 
CF3 0.0 0.0 0.0 
CF4 0.9 0.7 1.2 
CFS1 1.7 1.3 7.1 
CFS2 0.0 0.0 0.0 
CFS3 4.3 3.2 17.9 
CFS4 0.0 0.0 0.0 
CFS5 0.0 0.0 0.0 
CFS6 0.0 0.0 0.0 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
70% 50 
CF1 0.2 0.2 0.5 
CF2 2.6 2.7 11.6 
CF3 0.2 0.2 0.6 
CF4 0.8 0.8 2.3 
CFS1 1.0 1.1 10.2 
CFS2 0.0 0.0 0.0 
CFS3 2.1 2.2 20.7 
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CFS4 0.0 0.0 0.0 
CFS5 0.0 0.0 0.0 
CFS6 0.0 0.0 0.0 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
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Dried Classified Feed 
Table A-27: Mitsubishi converter, calcium ferrite slag mass and energy balance 
scenario results 
Scenario Matte Grade O2 Vol. % Slag type 
Cu from 
PCP (wt. %) 
O from PCP 
(wt. %) 
CaO from 
PCP (wt. %) 
Mitsubishi 
Continuous 
Converter 
Hot matte 
feed 1250°C 
Cold PCP 
25°C 
CF Slags 
Only 
60% Cu 
50 
CF1 25.8 21.8 27.2 
CF2 32.3 29.0 61.0 
CF3 25.9 22.4 29.8 
CF4 27.3 24.0 35.7 
40 
CF1 21.1 17.2 22.3 
CF2 27.9 24.1 52.7 
CF3 21.3 17.7 24.6 
CF4 22.8 19.3 29.9 
30 
CF1 12.5 9.5 13.1 
CF2 19.7 16.0 37.3 
CF3 12.9 10.0 14.8 
CF4 14.5 11.5 19.0 
21 
CF1 0.0 0.0 0.0 
CF2 2.8 2.0 5.3 
CF3 0.0 0.0 0.0 
CF4 0.0 0.0 0.0 
70% Cu 
50 
CF1 17.5 20.8 43.3 
CF2 20.2 25.0 89.9 
CF3 17.5 21.2 47.4 
CF4 18.1 22.1 55.7 
40 
CF1 14.2 16.2 35.1 
CF2 17.0 20.3 75.7 
CF3 14.2 16.6 38.6 
CF4 14.9 17.5 45.8 
30 
CF1 8.0 8.6 19.9 
CF2 11.1 12.4 49.4 
CF3 8.2 8.9 22.2 
CF4 8.9 9.8 27.4 
21 
CF1 0.0 0.0 0.0 
CF2 0.0 0.0 0.0 
CF3 0.0 0.0 0.0 
CF4 0.0 0.0 0.0 
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Table A-28: Peirce Smith converter, calcium ferro silicate slag mass and energy 
balance scenario results 
Scenario Matte Grade O2 Vol. % Slag type 
Cu from 
PCP (wt. %) 
O from PCP 
(wt. %) 
CaO from 
PCP (wt. %) 
Peirce Smith 
Converter 
Hot matte 
feed 1250°C 
Cold PCP 
25°C 
CFS Slags  
60% Cu 
50 
CFS1 23.1 20.6 100.0 
CFS2 9.3 7.0 6.3 
CFS3 22.5 20.2 100.0 
CFS4 12.1 9.4 8.2 
CFS5 24.4 21.2 36.2 
CFS6 22.3 19.1 35.6 
CFS7 1.6 1.2 1.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
40 
CFS1 23.7 20.7 98.7 
CFS2 4.1 3.0 2.8 
CFS3 23.4 20.7 100.0 
CFS4 7.0 5.2 4.8 
CFS5 19.9 16.6 29.5 
CFS6 17.7 14.5 28.3 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
30 
CFS1 15.7 12.8 65.2 
CFS2 0.0 0.0 0.0 
CFS3 18.8 15.7 78.3 
CFS4 0.0 0.0 0.0 
CFS5 11.4 8.9 17.0 
CFS6 9.1 7.0 14.6 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
21 
CFS1 0.0 0.0 0.0 
CFS2 0.0 0.0 0.0 
CFS3 2.4 1.8 10.1 
CFS4 0.0 0.0 0.0 
CFS5 0.0 0.0 0.0 
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CFS6 0.0 0.0 0.0 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
70% Cu 
50 
CFS1 9.5 10.9 100.0 
CFS2 10.4 11.6 16.6 
CFS3 10.2 11.5 100.0 
CFS4 11.6 13.2 18.6 
CFS5 16.9 20.5 58.9 
CFS6 16.0 19.2 60.1 
CFS7 7.2 7.9 10.8 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 2.9 3.1 3.4 
40 
CFS1 9.7 11.1 100.0 
CFS2 6.9 7.4 11.0 
CFS3 10.2 11.5 100.0 
CFS4 8.2 8.9 13.0 
CFS5 13.6 15.9 47.6 
CFS6 12.7 14.7 47.7 
CFS7 3.6 3.8 5.4 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
30 
CFS1 9.4 10.5 91.8 
CFS2 0.3 0.3 0.6 
CFS3 10.2 11.5 100.0 
CFS4 1.7 1.7 2.7 
CFS5 7.6 8.3 26.5 
CFS6 6.6 7.1 24.8 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
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Table A-29: Flash converter, calcium ferrite and calcium ferro silicate slag mass and 
energy balance scenario results 
Scenario Matte Grade O2 Vol. % Slag 
Cu from 
PCP (wt. %) 
O from PCP 
(wt. %) 
CaO from 
PCP (wt. %) 
Flash 
Converter 
Warm matte 
120°C 
Warm PCP 
120°C 
CF and CFS 
Slags 
60% 
50 
CF1 5.5 4.0 5.9 
CF2 12.3 9.4 23.2 
CF3 5.6 4.2 6.5 
CF4 7.1 5.3 9.3 
CFS1 7.9 6.1 33.0 
CFS2 0.0 0.0 0.0 
CFS3 10.9 8.5 45.3 
CFS4 0.0 0.0 0.0 
CFS5 4.1 3.0 6.1 
CFS6 1.9 1.4 3.1 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
40 
CF1 0.0 0.0 0.0 
CF2 6.9 5.1 13.1 
CF3 0.1 0.1 0.1 
CF4 1.7 1.2 2.2 
CFS1 2.6 1.9 10.8 
CFS2 0.0 0.0 0.0 
CFS3 5.7 4.3 23.6 
CFS4 0.0 0.0 0.0 
CFS5 0.0 0.0 0.0 
CFS6 0.0 0.0 0.0 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
70% 50 
CF1 1.3 1.3 3.2 
CF2 4.1 4.3 18.4 
CF3 1.3 1.3 3.6 
CF4 2.0 2.0 6.0 
CFS1 2.3 2.4 22.5 
CFS2 0.0 0.0 0.0 
CFS3 3.6 3.7 34.8 
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CFS4 0.0 0.0 0.0 
CFS5 0.7 0.7 2.4 
CFS6 0.0 0.0 0.0 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
40 
CF1 0.0 0.0 0.0 
CF2 0.2 0.2 0.8 
CF3 0.0 0.0 0.0 
CF4 0.0 0.0 0.0 
CFS1 0.0 0.0 0.0 
CFS2 0.0 0.0 0.0 
CFS3 0.0 0.0 0.0 
CFS4 0.0 0.0 0.0 
CFS5 0.0 0.0 0.0 
CFS6 0.0 0.0 0.0 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
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Table A-30: Top-Submerged Lance converter, calcium ferrite and calcium ferro 
silicate slag mass and energy balance scenario results 
Scenario Matte Grade O2 Vol. % Slag 
Cu from 
PCP (wt. %) 
O from PCP 
(wt. %) 
CaO from 
PCP (wt. %) 
TSL 
Cold matte 
250°C 
Cold PCP 
25°C 
2.5 MW E 
Loss 
60% 
50 
CF1 4.8 3.5 5.1 
CF2 11.3 8.6 21.4 
CF3 4.9 3.6 5.7 
CF4 6.4 4.7 8.3 
CFS1 7.1 5.4 29.7 
CFS2 0.0 0.0 0.0 
CFS3 10.0 7.8 41.6 
CFS4 0.0 0.0 0.0 
CFS5 3.5 2.5 5.1 
CFS6 1.3 1.0 2.2 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
40 
CF1 0.0 0.0 0.0 
CF2 6.1 4.5 11.6 
CF3 0.0 0.0 0.0 
CF4 1.1 0.8 1.4 
CFS1 2.0 1.4 8.2 
CFS2 0.0 0.0 0.0 
CFS3 4.9 3.7 20.5 
CFS4 0.0 0.0 0.0 
CFS5 0.0 0.0 0.0 
CFS6 0.0 0.0 0.0 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
70% 50 
CF1 0.2 0.2 0.5 
CF2 3.0 3.0 13.2 
CF3 0.3 0.3 0.7 
CF4 0.9 0.9 2.7 
CFS1 1.2 1.2 11.6 
CFS2 0.0 0.0 0.0 
CFS3 2.4 2.5 23.6 
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CFS4 0.0 0.0 0.0 
CFS5 0.0 0.0 0.0 
CFS6 0.0 0.0 0.0 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
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Pre-Treated Feed 
Table A-31: Mitsubishi converter, calcium ferrite slag mass and energy balance 
scenario results 
Scenario Matte Grade O2 Vol. % Slag type 
Cu from 
PCP (wt. %) 
O from PCP 
(wt. %) 
CaO from 
PCP (wt. %) 
Mitsubishi 
Continuous 
Converter 
Hot matte 
feed 1250°C 
Cold PCP 
25°C 
CF Slags 
Only 
60% Cu 
50 
CF1 32.3 28.8 33.5 
CF2 40.4 39.2 75.1 
CF3 32.4 29.7 36.7 
CF4 34.2 32.0 44.0 
40 
CF1 26.7 22.7 27.7 
CF2 35.3 32.6 65.5 
CF3 27.0 23.5 30.5 
CF4 28.9 25.7 37.1 
30 
CF1 16.1 12.5 16.6 
CF2 25.5 21.6 47.3 
CF3 16.6 13.3 18.8 
CF4 18.7 15.3 24.1 
21 
CF1 0.0 0.0 0.0 
CF2 3.8 2.7 7.0 
CF3 0.0 0.0 0.0 
CF4 0.0 0.0 0.0 
70% Cu 
50 
CF1 21.9 27.5 53.3 
CF2 22.9 29.2 100.0 
CF3 21.9 28.0 58.3 
CF4 22.7 29.3 68.6 
40 
CF1 17.9 21.4 43.6 
CF2 21.6 27.1 94.1 
CF3 18.0 21.9 47.9 
CF4 18.8 23.2 56.9 
30 
CF1 10.3 11.3 25.2 
CF2 14.3 16.5 62.6 
CF3 10.6 11.8 28.1 
CF4 11.5 12.9 34.7 
21 
CF1 0.0 0.0 0.0 
CF2 0.0 0.0 0.0 
CF3 0.0 0.0 0.0 
CF4 0.0 0.0 0.0 
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Table A-32: Peirce Smith converter, calcium ferro silicate slag mass and energy 
balance scenario results 
Scenario Matte Grade O2 Vol. % Slag type 
Cu from 
PCP (wt. %) 
O from PCP 
(wt. %) 
CaO from 
PCP (wt. %) 
Peirce Smith 
Converter 
Hot matte 
feed 1250°C 
Cold PCP 
25°C 
CFS Slags  
60% Cu 
50 
CFS1 22.1 20.2 100.0 
CFS2 11.6 8.9 7.7 
CFS3 24.5 21.4 100.0 
CFS4 15.2 12.0 10.1 
CFS5 30.6 28.0 44.6 
CFS6 27.9 25.0 43.9 
CFS7 2.0 1.5 1.3 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
40 
CFS1 23.2 20.8 100.0 
CFS2 5.2 3.8 3.4 
CFS3 22.4 20.3 100.0 
CFS4 8.9 6.7 5.9 
CFS5 25.1 21.9 36.7 
CFS6 22.4 19.1 35.2 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
30 
CFS1 20.2 17.1 82.6 
CFS2 0.0 0.0 0.0 
CFS3 24.3 21.2 99.2 
CFS4 0.0 0.0 0.0 
CFS5 14.8 11.8 21.5 
CFS6 11.8 9.2 18.5 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
21 
CFS1 0.0 0.0 0.0 
CFS2 0.0 0.0 0.0 
CFS3 3.3 2.4 13.3 
CFS4 0.0 0.0 0.0 
CFS5 0.0 0.0 0.0 
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CFS6 0.0 0.0 0.0 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
70% Cu 
50 
CFS1 10.4 11.8 100.0 
CFS2 13.1 15.0 20.5 
CFS3 10.4 11.7 100.0 
CFS4 14.6 17.0 22.9 
CFS5 21.2 27.0 72.5 
CFS6 20.0 25.2 74.0 
CFS7 9.0 10.1 13.2 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 3.7 3.9 4.2 
40 
CFS1 9.6 11.0 100.0 
CFS2 8.7 9.5 13.7 
CFS3 10.4 11.7 100.0 
CFS4 10.3 11.5 16.2 
CFS5 17.2 20.9 59.1 
CFS6 16.1 19.3 59.3 
CFS7 4.6 4.9 6.7 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
30 
CFS1 10.2 11.6 100.0 
CFS2 0.4 0.4 0.7 
CFS3 10.4 11.7 100.0 
CFS4 2.2 2.2 3.4 
CFS5 9.8 10.9 33.5 
CFS6 8.5 9.4 31.4 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
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Table A-33: Flash converter, calcium ferrite and calcium ferro silicate slag mass and 
energy balance scenario results 
Scenario Matte Grade O2 Vol. % Slag 
Cu from 
PCP (wt. %) 
O from PCP 
(wt. %) 
CaO from 
PCP (wt. %) 
Flash 
Converter 
Warm matte 
120°C 
Warm PCP 
120°C 
CF and CFS 
Slags 
60% 
50 
CF1 6.9 5.0 7.1 
CF2 15.2 11.8 28.2 
CF3 7.0 5.2 7.9 
CF4 8.8 6.7 11.3 
CFS1 9.8 7.6 40.1 
CFS2 0.0 0.0 0.0 
CFS3 13.5 10.8 55.1 
CFS4 0.0 0.0 0.0 
CFS5 5.1 3.8 7.4 
CFS6 2.4 1.7 3.8 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
40 
CF1 0.0 0.0 0.0 
CF2 8.6 6.4 16.0 
CF3 0.1 0.1 0.1 
CF4 2.1 1.5 2.7 
CFS1 3.2 2.4 13.2 
CFS2 0.0 0.0 0.0 
CFS3 7.1 5.4 28.9 
CFS4 0.0 0.0 0.0 
CFS5 0.0 0.0 0.0 
CFS6 0.0 0.0 0.0 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
70% 50 
CF1 1.6 1.6 3.9 
CF2 5.1 5.3 22.4 
CF3 1.6 1.7 4.4 
CF4 2.4 2.5 7.3 
CFS1 2.8 3.0 27.3 
CFS2 0.0 0.0 0.0 
CFS3 4.4 4.6 42.3 
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CFS4 0.0 0.0 0.0 
CFS5 0.8 0.9 2.9 
CFS6 0.0 0.0 0.0 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
40 
CF1 0.0 0.0 0.0 
CF2 0.2 0.2 1.0 
CF3 0.0 0.0 0.0 
CF4 0.0 0.0 0.0 
CFS1 0.0 0.0 0.0 
CFS2 0.0 0.0 0.0 
CFS3 0.0 0.0 0.0 
CFS4 0.0 0.0 0.0 
CFS5 0.0 0.0 0.0 
CFS6 0.0 0.0 0.0 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
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Table A-34: Top-Submerged Lance converter, calcium ferrite and calcium ferro 
silicate slag mass and energy balance scenario results 
Scenario Matte Grade O2 Vol. % Slag 
Cu from 
PCP (wt. %) 
O from PCP 
(wt. %) 
CaO from 
PCP (wt. %) 
TSL 
Cold matte 
250°C 
Cold PCP 
25°C 
2.5 MW E 
Loss 
60% 
50 
CF1 6.1 4.4 6.3 
CF2 14.2 11.0 26.4 
CF3 6.2 4.6 7.0 
CF4 8.0 6.0 10.3 
CFS1 8.9 6.9 36.5 
CFS2 0.0 0.0 0.0 
CFS3 12.5 9.9 51.2 
CFS4 0.0 0.0 0.0 
CFS5 4.3 3.2 6.3 
CFS6 1.7 1.2 2.7 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
40 
CF1 0.0 0.0 0.0 
CF2 7.7 5.7 14.4 
CF3 0.0 0.0 0.0 
CF4 1.3 1.0 1.7 
CFS1 2.5 1.8 10.2 
CFS2 0.0 0.0 0.0 
CFS3 6.2 4.7 25.5 
CFS4 0.0 0.0 0.0 
CFS5 0.0 0.0 0.0 
CFS6 0.0 0.0 0.0 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
70% 50 
CF1 0.3 0.3 0.7 
CF2 3.7 3.8 16.3 
CF3 0.3 0.3 0.9 
CF4 1.1 1.1 3.3 
CFS1 1.5 1.5 14.3 
CFS2 0.0 0.0 0.0 
CFS3 3.0 3.1 29.0 
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CFS4 0.0 0.0 0.0 
CFS5 0.0 0.0 0.0 
CFS6 0.0 0.0 0.0 
CFS7 0.0 0.0 0.0 
CFS8 0.0 0.0 0.0 
CFS9 0.0 0.0 0.0 
CFS10 0.0 0.0 0.0 
 
